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ABSTRACT  
Control of Denticle Diversity in the Drosophila Embryo 
Stacie A Dilks and Stephen DiNardo 
Screening for mutations that affect the epidermal cuticle pattern has been used 
as a powerful approach to identify genes involved in developmental decisions and 
signaling pathways (Luschnig et al., 2004; Mayer and Nusslein-Volhard, 1988; Nusslein-
Volhard and Wieschaus, 1980). Some years ago, it became clear that the finer details of 
cuticle pattern, specifically the column-specific differences in denticle shape and hook 
orientation, occurred as a result of differential activation of the signaling pathways that 
pattern the epidermis (Alexandre et al., 1999). Since that time, no downstream targets 
have been identified that selectively affect denticle shape or hooking, and the 
mechanism(s) involved have remained elusive.  
Here, we show that the transcription factor stripe integrates signaling information 
and positional cues to specify multiple aspects of this column-specific denticle pattern, 
including denticle density and anterior hook orientation. Further, we show that stripe 
governs hook orientation, in part, via up-regulation of the spectraplakin shot, which 
functions both cell autonomously and cell non-autonomously to specify denticle hook 
orientation via interaction with the microtubule cytoskeleton. Thus, the stripe-shot circuit 
has the potential to link the un-patterned blastoderm to a fully patterned ventral cuticle. 
It appears that the non-autonomous stripe-shot circuit culminates in the 
localization of Shot protein across the boundaries where denticle hooks reverse. As 
spectraplakins can stabilize, localize and bundle microtubule arrays, as well as create 
specialized membrane domains via membrane protein clustering (Leung et al., 1999; 
Roper et al., 2002; Sanchez-Soriano, 2009), a likely hypothesis is that Shot organizes a 
specialized microtubule array or other cytoskeletal complex at these interfaces. 
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CHAPTER ONE: 
PATTERN FORMATION 
 
The overarching goal of developmental biology is to understand how an intricate 
body plan, with myriad distinct cell and tissue types present, arises from a single-celled 
zygote. For this to occur, equivalent cells must differentiate from one another at a 
precise time and location to form tissues with specialized functions. In general, this is 
accomplished through the use of signaling centers known as organizer regions, which 
emit spatial and temporal cues to neighboring cells. Thus, developmental biologists seek 
to understand how complex, diverse species are formed through the repeated use of 
simple patterns, and then further reduce those patterns into communication events 
between cells or groups of cells. 
The process of differentiation, therefore, requires that a cell have the capacity to 
receive such a signal, and then translate that signal into some cellular response, such as 
a change in genetic program, shape, or stiffness. Historically, developmental biology has 
focused primarily on the signals required for differentiation, rather than the vital next step 
of translating a developmental signal into a cellular event. However, in recent years, the 
gap between developmental signaling cues and cell biological responses is being 
bridged, and certain model systems have emerged that can link organizing signals to 
cellular morphogenesis. 
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ELEMENTS OF PATTERN 
 Body plan is made up from a complex combination of signals, which come 
together in time and space to form what we recognize as a biological pattern. Here, I will 
discuss a few examples of the mechanisms that give rise to observable patterns in 
biological organisms. 
 
MORPHOGENS AND REGIONAL SPECIFICATION 
 Often, pattern is first established through the use of morphogens, small 
molecules or proteins secreted from a restricted spatial domain. Morphogens act over a 
distance to assign divergent cell fates to groups of equivalent cells (Wolpert, 1969; Crick, 
1970; reviewed in Kerszberg, 2007; Yucel, 2006). The particular response of a cell to a 
morphogen varies upon differing concentrations of the morphogen, such that a single 
morphogen source can assign a number of distinct fates (Fig 1-1). For example, in the 
vertebrate neural tube, expression of the sonic hedgehog gene product specifies several 
subtypes of neurons in a concentration-dependent manner (Fig 1-2; reviewed in Ingham, 
2006). By repeated, hierarchical uses of this process in multiple locations, the 
beginnings of pattern emerge.  
 
PLANAR CELL POLARITY   
 In addition to the regulated differentiation of single cells, development also 
requires groups of cells to coordinate their development. This requires that cells know 
their spatial orientation within a tissue, and have the ability to communicate with their 
neighbors. This is accomplished primarily by the Planar Cell Polarity (PCP) pathway, 
and manifests itself in a number of processes such as coordinated cell movements and 
organization of epithelial structures (Fig 1-3; reviewed in Adler, 2002; Axelrod, 2002; 
Mlodzik, 2002; Zallen, 2007).  
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 Planar Cell Polarity is thought to function in virtually all epithelia, and refers to the 
ability of the cell to determine its orientation within the plane of the tissue, imparting 
information such as proximal-distal or anterior-posterior. PCP can manifest itself both in 
the intrinsically polarized structure of each individual cell and in the arrangement of 
different cells within the tissue (Kelly, 2007). Although some crosstalk has been 
reported, PCP is distinct from the apical-basal polarity machinery, and contains its own 
set of “core” proteins. The core PCP pathway relies on a cassette of membrane or 
membrane-associated proteins, generally parsed into one of two mutually antagonistic 
groups. This results in a situation where one side of a cell (proximal, for example) 
contains one set of proteins while the opposite side (distal, for example) contains 
another (Axelrod, 2002; Bastock, 2003; Das, 2004; Shimada, 2001; Strutt, 2001; Tree, 
2002; Usui, 1999). PCP is easily observable in a number of tissues, and generally 
manifests itself in three ways:  epithelial apical specialization, cell shape change, and/or 
large-scale tissue morphogenesis.   
 
EPITHELIAL APICAL SPECIALIZATION 
 Most epithelia have been reported to produce some type of apical specialization, 
from intestinal microvilli and inner ear stereocilia in mammals to sensory bristles and 
wing hairs in Drosophila. Each of these structures consists primarily of actin filaments, 
arranged in a parallel fashion, and tightly bound together by proteins known as actin 
crosslinkers (Fig 1-4; DeRosier, 2000). These parallel actin bundles distort the cell’s 
plasma membrane to create a protrusion, and then serve as a scaffold to stabilize that 
protrusion. In addition, groups of cells must coordinate at the level of the tissue such that 
the cells each produce their specialization in a certain location or towards a certain 
direction. The result of this is the clearly ordered arrangement seen in each of these 
tissues, which is disrupted upon loss of PCP proteins and is usually replaced by a 
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characteristic swirl pattern (Fig 1-3; Gubb, 1982; Wong and Adler, 1993; Zallen, 2007).  
 One particularly well understood example of apical epithelial specialization is 
found in the Drosophila wing. Cells of the wing exhibit a hexagonal packing pattern, and 
each cell produces a single actin-based hair at the distal vertex (reviewed in Adler, 2002; 
Wong and Adler, 1993). Multiple studies have demonstrated that enrichment of a 
particular set of membrane bound PCP proteins at the distal vertex recruits actin 
bundling materials, thereby specifying the location of the wing hair. Although wing hair 
polarity is known to require the core PCP cassette, it is worth mentioning that much 
controversy still exists as to the initial symmetry-breaking event.   
 Formation of stereocilia in the vertebrate inner ear requires similar, but more 
complex, mechanisms. Stereocilia are mechanosensory organs that are highly ordered 
at the level of a single cell. Each individual actin-based stereocilium is fashioned to be 
thin at the base and broader at the tip. Within a single cell, three rows of such stereocilia 
are formed and arranged in a stair-step array (reviewed in Kelly, 2007; Nayak, 2007). 
Stereocilia are also organized at the level of the tissue, such that all inner ear cells 
position their stereocilia towards the same direction, a process that requires PCP 
proteins (Fig 1-3E; reviewed in Dabdoub, 2005; Jones, 2007; Wang, 2007). While we 
know that stereocilia length correlates with the amount of the actin crosslinker Espin 
present, it is unclear how these protrusions maintain their shape (Loomis, 2006). In fact, 
many actin-based protrusions exhibit distinct, elaborate shapes, but how these shapes 
are created is not well understood.  
 Some insight into the mechanism of shaping protrusions has come from the 
study of actin crosslinking proteins. Overexpressing actin crosslinkers in mammalian 
cells can result in the formation of ectopic actin protrusions (Bartles et al., 1998; 
Grieshaber, 1999), indicating that actin crosslinkers can be sufficient to induce 
protrusion formation. However, actin bundle formation does not require the presence of 
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one specific crosslinker, and the cohort of crosslinkers present within a single structure 
is highly variable (Bartles et al., 1998; DeRosier, 2000). Furthermore, there is some 
evidence that specific crosslinkers display both a unique spatial and temporal pattern 
within a single structure (Cant et al., 1998.; Tilney et al., 1996; Wulfkuhle NS., and Otto, 
JJ., 1998). For example, Forked, a crosslinker with similarities to vertebrate Espin, is 
required early in Drosophila bristle formation to gather actin filaments into loosely 
packed bundles (Bartles et al., 1998). Singed, a homologue of vertebrate Fascin, is 
required later to pack the bundles more tightly (Bryan et al., 1993; Tilney, 1998; 
Wulfkuhle, NS. and Otto, JJ., 1998). Therefore, it seems likely that the unique functions 
of each crosslinker, combined with the specific cohort of crosslinkers present, are 
important in determining the final shape of a structure. 
 
CELL SHAPE  CHANGE  
 Although the process of cell shape change has been heavily studied both in in 
vitro systems and in the context of cell migration, cell shape change within living 
epithelia has only received substantial interest in the past few years. It was only recently 
appreciated that many processes of cells within a tissue occur as a result of physical 
forces, and that both intracellular mechanics and external environment can control cell 
shape (Lecuit, 2007; Paluch, 2009). Epithelial tissues, modeled as liquid monolayers, 
are naturally prone to return to the lowest possible energy state (Lecuit, 2007). 
Therefore, active mechanisms are required for cells to maintain higher-order 
organization (Quintin, 2008; Classen, 2005; Gibson et al., 2006; Zallen, 2007).  
 Much of the work in this field has focused on Myosin-dependent apical 
constriction, which occurs during vertebrate neurulation, mesoderm invagination and 
dorsal closure in Drosophila (Costa and Wieschaus, 1994; Gorfinkiel et al., 2209; Haigo, 
2003; Hildebrand, 1999; Kolsch et al., 2007; Lecuit, 2007; Leptin and Grunewald, 1990; 
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Escudero, 2007; Parks and Wieschaus, 1991; Pilot and Lecuit, 2005). There is some 
evidence that cell shape change is initiated by upstream developmental signals locally 
activating Myosin II, but much additional work is needed to fully understand how 
individual cell shape change is regulated (Escudero, 2007; Simone and DiNardo, 2010; 
Walters et al., 2006). 
 
 TISSUE MORPHOGENESIS     Once cells are specified, a number of large-scale epithelial movements must 
occur for proper body formation. Most morphogenic movements can be classified into 
the categories of cell intercalation, rotation, invagination, sheet extension or tube 
formation and extension (Quintin, 2008). These movements may require that individual 
cells change shape and/or that the cells rearrange in relationship to one another. A well-
studied example of this is found in embryonic gastrulation, which is driven by 
coordinated cell movements known as convergence-extension (CE; Bertet, 2004; 
Blankenship et al., 2006; da Silva and Vincent, 2007; Heisenberg et al., 2000; Irvine and 
Wieschaus, 1994; Keller, 2002; Wallingford, 2000). In CE, epidermal cells exchange 
neighbors to lengthen along the anterior-posterior axis (Fig1-6; Bertet, 2004). In addition, 
tissue elongation in mammals, zebrafish and Drosophila also requires a series of 
oriented cell divisions, also driven by PCP (da Silva and Vincent, 2007; Baena-Lopez, 
2005; Ciruna, 2006; Fischer, 2006; Gong, 2004). 
 Although both of these processes require positional information to coordinate the 
movement of a single cell with the tissue as a whole, the core PCP proteins are only 
required for gastrulation in vertebrates (Keller, 2002; Mlodzik, 2002; Roszko, 2009; 
Wallingford, 2000). In invertebrates, these processes require localized activation of the 
Myosin II complex (Bertet, 2009; Bertet, 2004; Fernandez-Gonzalez, 2009). How Myosin 
II is activated and/or recruited to individual cellular locations is not well understood.  
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 Each of these diverse pattern elements can be modeled in the Drosophila 
embryonic epidermis. Within this single tissue, we can observe the large scale, 
directional movements of germband extension and dorsal closure, individual cell 
alignment and extension within the parasegment, and formation of planar polarized 
actin-based protrusions at the posterior edge of certain cells.  This feature, combined 
with the availability of precise genetic tools and ease of visualization, make the 
Drosophila embryo a wonderful tool for study of epithelial pattern. 
 
DROSOPHILA EMBRYOGENESIS:  MODELING PATTERN 
Within the past 50-60 years, the Drosophila embryo has emerged as a powerful 
tool for developmental biologists and evolutionary geneticists (Kohler, 1994).  In the 
1980’s, two major events occurred that catapulted the Drosophila embryo to scientific 
stardom:  the developmental stages were carefully observed, categorized and timed 
(Campos-Ortega, 1985), and large-scale mutant screens were carried out, uncovering a 
host of patterning and polarity mutants.  
Of note, the epidermal cuticle pattern has been a particularly powerful genetic 
and developmental system. The Drosophila cuticle is unique as it contains both coarse 
(intersegmental) and fine (intrasegmental) elements of pattern, both of which are easily 
observable using light microscopy. These pattern elements are highly reproducible, and 
several seminal screens have inferred gene function by identifying alterations in the 
mutant cuticles (Gergen and Wieschaus, 1986; Nusslein-Volhard and Wieschaus, 1980; 
Perrimon et al., 1989).  
Since that time, it has been appreciated that many of the signaling systems 
discovered in these (and other) screens play roles in a number of human developmental 
processes and diseases, such as growth control and cancer, pattern formation and birth 
defects, stem cell maintenance and aging, complex behaviors and learning disorders 
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(Drosophila Board, 2009; Kohler, 1994). Over the past 30 years, this information has 
been further refined into a complex, though far from complete, picture of the genetic 
network which drives embryogenesis.  
 
INTERSEGMENTAL PATTERN:  SMOOTH AND DENTICLE FIELDS  
 Early in embryogenesis, the ventral epidermis is divided into parasegments of 
roughly twelve cells each. Later, these cells adopt one of two cell fates: they either 
remain apically smooth or produce an actin-based protrusion called a denticle (Fig 1-7).  
Roughly half of each abdominal parasegment is parsed into the smooth field. 
Through the remainder of embryogenesis, these cells remain rather static. They appear 
roughly equivalent to one another, do not undergo additional elaboration, and do not 
appear to exhibit higher-order organization (Walters et al., 2006).  
In contrast, the denticle field within most abdominal parasegments consists of 
seven columns of epidermal cells that can each produce several denticles, all of which 
emanate from the posterior edge of the cell (Price et al., 2006; Walters et al., 2006). 
Later, these cells secrete a hardened cuticle that conforms to the shape of the plasma 
membrane, molding the actin-based protrusions in the cuticle (Fig 1-7B; Hillman, 1970; 
Martinez-Arias, 1993; Payre, 2004). The decision of whether or not to make a denticle 
hinges on the expression of the zinc-finger transcription factor shavenbaby/ovo (svb), 
which is both necessary and sufficient for denticle formation (Mevel-Ninio et al., 1991; 
O'Keefe et al., 1997; Payre et al., 1999; Szuts, 1997). Svb is activated by the Epidermal 
Growth Factor (EGF) pathway and repressed by the Wingless (Wg) pathway, and 
competition between these two pathways determines the domain of svb expression 
(O'Keefe et al., 1997; Payre et al., 1999; Szuts, 1997). 
Many genes regulated by svb are involved in cytoskeletal organization and actin 
dynamics, such as actin nucleation and crosslinking proteins (see Chapter Four). svb 
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also regulates genes involved in membrane/matrix remodeling, chitin binding, regulated 
secretion and cuticle pigmentation, although precise roles for these proteins in building 
the denticle remain to be elucidated (Andrew and Baker, 2008; Chanut-Delalande et al., 
2006; Fernandez-Gonzalez, 2009; Roch, 2003). Fairly recently, it has been appreciated 
that the Zona Pellucida (ZP) family, a group of matrix proteins, also play important roles 
in denticle production. A number of ZP proteins have been demonstrated to be 
transcriptionally downstream of svb (Chanut-Delalande et al., 2006; Fernandez-
Gonzalez, 2009), and they are known to function in membrane-matrix interactions, 
cuticle secretion, and microtubule organization (Fernandez-Gonzalez, 2009; Roch, 
2003).  
Interestingly, while svb expression is sufficient for denticle production, svb targets 
alone are not sufficient for the finer elements of pattern, since ectopic (svb-induced) 
denticles are incapable of recreating this complexity (Delon et al., 2003; Walters et al., 
2006). Therefore, certain additional factors, independent of svb, must be necessary (see 
Chapter Two).  
Besides producing denticles, denticle field cells exhibit additional specializations 
as compared to smooth field cells. Denticle field cells align their anterior and posterior 
edges such that they form parallel columns (Simone and DiNardo, 2010; Walters et al., 
2006). Implicit in this process is the ability of cells to distinguish their Anterior-Posterior 
edges from their Dorsal-Ventral edges, known as “bipolar asymmetry” (Walters et al., 
2006). Denticle field cells also exhibit so-called “unipolar asymmetry”, meaning that they 
can differentiate their anterior from posterior edges (Walters et al., 2006). This is 
demonstrated by the observation that denticles always arise from the posterior cell edge 
(Price et al., 2006; Walters et al., 2006). This unipolar asymmetry is specific to denticle 
field cells, and does not appear to be common across the parasegment (Walters et al., 
2006). Interestingly, these phenomena are not thought to require core PCP proteins, but 
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are known to require Myosin II (Price et al., 2006; Simone and DiNardo, 2010; Walters et 
al., 2006). The specific mechanism(s) by which these processes occur, as well as 
possible effector proteins, remain to be determined. 
 Thus, the intersegmental pattern of the Drosophila embryonic epidermis provides 
models to study regional specification and cell fate assignment, actin-based protrusion 
formation, cell alignment and shape change, and unipolar asymmetry. However, this 
tissue becomes even more powerful when the finer (intrasegmental) elements of pattern 
are also considered. 
 
INTRASEGMENTAL PATTERN:  COLUMN-SPECIFIC DIVERSITY 
Once the parasegments are established, the organizing signals Wingless (Wg) 
and Hedgehog (Hh) continue to establish pattern via a cascade of signaling events. 
Although smooth field cells remain roughly equivalent to one another, denticle field cells 
undergo further cell fate decisions, thereby subdividing the denticle field into smaller 
signaling territories (Fig 1-8B; Alexandre et al., 1999; Bejsovec and Martinez Arias, 
1991; Bejsovec and Wieschaus, 1993; Bokor and DiNardo, 1996; Dougan and DiNardo, 
1992; Gritzan et al., 1999; Heemskerk and DiNardo, 1994). 
Interestingly, Wg and Hh do not impart secondary cell fates directly, but via 
spatially restricting the activation of other signaling pathways. For example, Wg and Hh 
both act to restrict expression of the Notch ligand Serrate to three cells at the posterior 
end of the denticle field, and therefore restricts the domain of Serrate-Notch pathway 
activation (Alexandre et al., 1999). Similarly, Hh activates Rhomboid in denticle columns 
two and three (Alexandre et al., 1999). Rhomboid is a protease required for secretion of 
Epidermal Growth Factor (EGF, Spitz in Drosophila; reviewed in Urban, 2006). Thus, the 
select expression of Rhomboid determines the source of the EGF ligand. In this manner, 
Hh directs activation of the EGF pathway to a restricted spatial domain.  
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This signaling hierarchy imparts positional information to the cells, such that each 
column is distinguished by the expression of certain cell fate markers and signaling 
components (Lohs-Schardin et al., 1979; Martinez-Arias, 1993). Unique column identity 
is manifest in multiple ways. First, columns one through five produce denticles that are 
uniquely patterned from column-to-column (Fig 1-8A). Each column produces denticles 
that differ from one another in size, shape, density and hook orientation. As such, the 
removal of specific denticle field signals causes defects in denticle shaping that are often 
column-specific, suggesting that these signals are involved in imparting information to 
denticle field cells regarding denticle shape (Bokor and DiNardo; Heemskerk and 
DiNardo; Walters et al., 2006). Although it is not clear which signals are required, it is 
clear that the column-specific differences in denticle shape and hook orientation occur 
as a result of differential activation of the signaling pathways that pattern the epidermis 
(Alexandre et al., 1999). 
Of note, cell columns one and four are the only cell columns that produce 
denticles that hook towards the anterior (Fig 1-9). This anterior hooking is unique, both in 
the wild-type denticle field as well as in situations where the denticle field is artificially 
expanded. For example, ectopically activating the EGFR signaling pathway leads to 
ectopic denticles which all hook to the posterior (Szuts, 1997). It has been observed that 
the position in which the orientation of denticle hooks reverses lies adjacent to certain 
signaling territories (Alexandre et al., 1999).  In addition, we (and others) had previously 
shown that the Hedgehog/Smo and Spitz/EGFR signaling pathways had specific effects 
across these respective boundaries, implicating these signals as possible sources of 
spatial information (Hatini and DiNardo, 2001). Interestingly, denticle field cell alignment 
appears to be coordinated by these same two interfaces, recently explored in (Simone 
and DiNardo, 2010), suggesting that these events may be evolutionarily coupled for 
functionality. 
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Perhaps surprisingly, it is not known how the details of this intricate pattern first 
arise, nor how they are achieved by cytoskeletal components. Although cytoskeletal 
coordination has been studied extensively in migrating and cultured cells, less is known 
about cytoskeletal coordination in living epithelia. In fact, many epithelia produce actin-
based protrusions that display elaborate shapes; such as vertebrate stereocilia, 
Drosophila sensory bristles and, of course, the ventral denticles. However, it is not well 
understood how the cytoskeletal networks are influenced to create these shapes. As 
these developmental signaling cascades have been well studied, we believe this tissue 
provides a good model for investigating how developmental signals affect fundamental 
cell biological processes during patterning. 
 
Although the details are not understood, it is clear that the column-to-column 
differences in denticle shape and hook orientation occur as a result of differential 
activation of the signaling pathways that pattern the epidermis (Alexandre et al., 1999). 
In addition, it has been observed that the position in which the orientation of denticle 
hooks reverses lies adjacent to certain signaling territories (Alexandre et al., 1999).  
Interestingly, these same signaling pathways are responsible for specifying the 
location(s) where muscles attach to the epidermis, which also occurs adjacent to certain 
signaling territories, suggesting that these events may be linked. 
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PROJECT SUMMARY  
 Primarily, this work seeks to take advantage of the large body of knowledge that 
exists regarding the genetic and developmental mechanisms of Drosophila 
embryogenesis, and attempts to take that knowledge a step further by linking patterning 
signals to a cell biological response, understanding how column-specific denticle 
diversity is accomplished. Implicit in this single statement are a number of distinct, but 
related, questions: 
 
1. How do developmental signals instruct column-specific denticle diversity? 
2. How does that information get translated into a cell biological response? 
3. How do cells build a denticle with proper shape, and what proteins are involved? 
4. How is the denticle-building machinery modified from column-to-column to give rise to 
 denticle diversity? 
5. What evolutionary advantage might be gained by maintenance of this complex 
 pattern? 
 
  This thesis is an attempt to begin answering some of these questions, and I 
encourage the reader to keep them in mind as they go along. In Chapter Two I will 
explore the mechanism by which the epidermal developmental signals instruct denticle 
diversity via placing the stripe transcription factor into distinct cell columns. Chapter 
Three explores the cytolinker protein Shot, a stripe effector required to carry out one 
aspect of denticle diversity, column-specific hook orientation. In Chapter Four I will 
discuss a number of cytoskeletal proteins that are required to build denticles, and in 
Chapter Five I will attempt to synthesize this information and place this work into a larger 
biological context.  
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STRIPE AND TENDON CELLS 
TENDON CELL SPECIFICATION 
Drosophila Stripe is a triple zinc-finger transcription factor that is closely related 
to mammalian Early Growth Response-1 (EGR-1, also known as Krox24; Frommer et 
al.; Lee et al., 1995). Although the first reported allele of stripe was a weak hypomorph 
exhibiting an anterior-to-posterior "stripe" on the adult thorax (Bridges and Morgan, 
1923), a number of additional alleles have been reported which affect muscle patterning 
in the both embryo and adult. Most hypomorphs exhibit defects in the patterning of a 
specific muscle(s) or muscle group(s), while the most severe (presumed null) mutations 
result in embryos that cannot hatch due to systemic failure of muscle patterning 
(Costello and Wyman, 1986; de la Pompa et al., 1989; Lee et al., 1995; Usui, 2004; 
Soler, 2004; Volk and VijayRaghavan, 1994; Vorbruggen and Jackle, 1997). 
Interestingly, we now know that stripe is not required in the muscles at all, but in the 
epidermal tendon cells (Becker et al., 1997; Frommer et al., 1994). 
Invertebrate tendon cells, like vertebrate tendons, serve to anchor muscles to the 
skeleton. Proper muscle attachment is vital for virtually all processes requiring 
movement, such as embryonic hatching, larval crawling, and adult flight. In both 
embryonic and imaginal (adult) muscle development, the Stripe transcription factor is 
expressed in and required for all cells that will eventually attach muscles (reviewed in 
Schnorrer and Dickson, 2004). Interestingly, while the embryonic musculature is derived 
from twist-expressing mesoderm, in insects, the skeleton is external, and therefore the 
tendon cells are epidermal rather than mesodermal in origin (Fig 1-10; Schnorrer and 
Dickson, 2004). Initial expression of stripe is independent of mesoderm; reciprocally, 
proper specification of muscles does not require stripe (Bate, 1990; Bate and Rushton, 
1993; Baylies et al., 1995; Becker et al., 1997; Piepenburg et al., 2000; Schnorrer and 
Dickson, 2004).  
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STRIPE TARGETS AND FUNCTION 
Primarily, tendon cells have two jobs: they must provide positional information to 
the approaching muscles, and then form stable junctions with the muscles once they 
arrive. One function without the other is futile, and Stripe is absolutely vital for both 
processes. In amorphic stripe mutants, muscle precursors are properly specified, 
multinucleated myotubes form, and migration commences, but muscles fail to find their 
targets or attach to the epidermis (Schnorrer and Dickson, 2004). Thus, many stripe 
targets function in one of these two processes.  
 
MUSCLE GUIDANCE 
Similar to pathfinding in neurons, nascent muscles in both Drosophila 
embryogenesis and vertebrate limbs require external cues for proper migration and 
attachment (Tessier-Lavigne, 1996). In Drosophila, loss of stripe results in severe 
defects in the muscle pattern, indicating that stripe is involved in this process (Becker et 
al., 1997; Frommer et al., 1996). Although myotube guidance is not nearly as well 
understood as axonal pathfinding, it appears that some of the same molecules may be 
involved. One known stripe target is the ligand Slit, which is required for the proper 
patterning of a certain subset of muscles (Kramer, 2001). These muscles also express 
the Slit receptor Roundabout (Robo), so the parallel to axon guidance seems apt 
(Kramer, 2001; Kidd, 1995). However, while axons appear to interpret the Slit-Robo 
interaction as a strictly repulsive cue, Robo-expressing muscles can interpret Slit as 
either repulsive or attractive (Kramer, 2001). In addition, the receptor tyrosine kinase 
Derailed is expressed in certain muscles and is required for these muscles to properly 
attach to their tendon cells, similar to the role of Derailed in neurons (Callahan, 1995; 
Callahan, 1996). However promising these leads from axon guidance may be, Slit-Robo 
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and Derailed signaling can only account for the patterning of certain muscles, so it is 
clear that additional mechanisms must also be at work in this process. 
 
MUSCLE ATTACHMENT 
Once muscles arrive at the appropriate tendon cells, they must form a stable, 
integrin-mediated attachment. This aspect of epidermal-muscle attachment also requires 
stripe, and is also muscle independent. stripe transcriptionally regulates a number of 
cytoskeletal proteins, such as β1-Tubulin, the matrix protein Thrombospondin and the 
spectraplakin Shortstop (Chanana, 2007; Buttgereit, 1991; Subramanian et al., 2007; 
Volk and VijayRaghavan, 1994). Through the initiation of these (and presumably other) 
proteins, stripe modifies the cytoskeleton from that of a typical epidermal cell to that of a 
tendon cell capable of muscle attachment. Specifically, tendon cells form a specialized 
apical-to-basal microtubule array designed to transmit tension from muscles through the 
tendon cells to the cuticle. At the basal surface of the tendon cell, this array is linked to 
PS-integrins, which are required for junctional stability upon muscle contraction (Martin-
Bermudo, 2000). This MT-integrin attachment is mediated via the spectraplakin 
Shortstop, another essential stripe target (see Chapter Three). In addition, tendon cells 
secrete extracellular matrix components, such as Thrombospondin, which are also 
required to strengthen the epidermal-muscle junction (Chanana, 2007; Subramanian et 
al., 2007).  
In addition to a physical interaction between the muscle and the tendon cell, 
these two cell types also communicate via extracellular signaling (Fig 1-11). Myotubes 
secrete the Egfr ligand Vein, which is detected by the tendon cells. This process requires 
the stripe target gene shortstop, which is thought to cluster Egfr on the basal surface of 
the tendon cell and result in proper signal transmission (Strumpf and Volk, 1998; 
Vorbruggen and Jackle, 1997; Yarnitzky et al., 1997; Yarnitzky et al., 1998). Vein-Egfr 
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signaling commences once muscles are in close proximity to the tendon cells, and 
induces a second round of stripe initiation during the muscle attachment process. Vein-
Egfr signaling not only increases the level of Stripe present in the tendon cells, but also 
alters the ability of Stripe to activate certain targets (see Regulation and Genomic 
Structure for more detail). Thus, reciprocal signaling between the muscle and the tendon 
cell is required for complete tendon cell differentiation and muscle attachment (Fig 1-11; 
Becker et al., 1997; Yarnitzky et al., 1997).  
 
PROPRIOCEPTION 
In addition, it was recently appreciated that stripe is required to pattern the 
cordotonal organs (Inbal et al., 2004; Klein, 2010). The cordotonal organs are the 
proprioceptive organs of the fly, which are required for coordination and sensing the 
relative position of multiple body parts. This is reminiscent of mammalian EGR proteins, 
which are required for growth and differentiation of muscle spindles, groups of 
innervated muscle fibers that serve as the mammalian proprioceptive organs 
(Tourtellotte, 1998). Thus it appears that the temporal and special regulation of stripe 
serves to coordinate multiple systems, which must work together for proper locomotion 
(Klein, 2010). 
 
OTHER TARGETS 
It is worth mentioning briefly that some of the earliest discovered stripe targets 
are not known to be required for muscle attachment (or any other process). For 
example, the highly conserved Alien protein has been demonstrated to function as a 
corepressor for nuclear hormone receptors, transcriptional machinery, and cell cycle 
regulators, but the relevance of this function to muscle attachment remains unknown 
(Goubeaud, 1996; Burke, 2000; Dressel, 1999; Escher, 2007; Tenbaum, 2007; reviewed 
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in Papaioannou, 2007). The same is true for the basic helix-loop-helix transcription factor 
delilah (Armand et al., 1994). While the presence of delilah RNA is used as an indicator 
of developing tendon cells (Chanana, 2007; Yarnitzky et al., 1997), no alleles have been 
reported and any genetic targets remain unknown. In addition, microarray-type analysis 
has not been published for stripe, so although it is presumed that stripe has many 
additional targets, we do not yet know their identities. 
 
REGULATION AND GENOMIC STRUCTURE 
Similarly to EGR-1, the stripe regulatory region is rather complex and contains 
binding sites for multiple transcription factors. Thus, stripe can be induced by a number 
of extracellular signaling molecules and growth factors, and the mechanism of stripe 
induction is highly variable between cell types and even between spatial domains in the 
same tissue.  In the embryo, stripe is induced at the segment borders by asymmetric 
Hedgehog signaling, but is also induced by Wingless and Spitz in additional locations 
(Hatini and DiNardo, 2001; Piepenburg et al., 2000). In the wing disk, certain domains of 
stripe appear to require the LIM-domain protein Apterous, Notch, Wingless and the 
prepattern gene pannier (Ghazi et al., 2000; Ghazi et al., 2003). Only two of these inputs 
(Hh and Wg) have been demonstrated to be direct, and it is unknown how the other 
factors induce stripe expression (Piepenburg et al., 2000). 
The stripe locus codes for two splice forms of Stripe protein, with a common C-
terminus (including the triple zinc-finger domain) and a divergent N-terminus (Frommer 
et al., 1996).  The longer protein isoform, denoted Stripe-A, contains the entire short 
isoform (Stripe-B) plus an additional N-terminal domain and 5’ UTR (Fig 1-12; Frommer 
et al., 1996; Volohonsky et al., 2007). Although both protein forms are required for 
proper muscle attachment, they are regulated in a temporally distinct manner. The early 
isoform, Stripe-B, is induced around stage 11 in the subset of epidermal cells specified 
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to take on tendon cell fate. Stripe-B induction is muscle-independent and is induced by 
epidermal patterning pathways (Hatini and DiNardo, 2001; Piepenburg et al., 2000). 
Stripe-B initiates tendon cell differentiation, attracts approaching myotubes, and alters 
the cytoskeleton of the tendon cell in preparation for muscle attachment (Becker et al., 
1997; Volohonsky et al., 2007). In contrast, Stripe-A transcription is observed much later, 
around stage 15, and is muscle dependent (Becker et al., 1997; Nabel-Rosen et al., 
1999; Volohonsky et al., 2007). For this isoform switch to occur, muscles must be stably 
bound to their tendon cells, so the presence of Stripe-A within a cell can serve as a 
readout of attached muscles (Becker et al., 1997). 
stripe mRNA levels are regulated by the RNA binding protein Held Out Wing 
(How), which binds the 3’ UTR of stripe RNA directly (Nabel-Rosen et al., 1999). Initially, 
the predominant isoform of How present in the tendon cells is the long form, or How (L). 
How (L) negatively regulates stripe mRNA by inhibiting its nuclear export and enhancing 
its degradation (Nabel-Rosen et al., 1999; Nabel-Rosen et al., 2002). However, upon 
Vein-mediated Egfr signaling the short form of How, or How (S), is induced. How (S) 
promotes expression of stripe, by stabilizing stripe mRNA, allowing for nuclear export, 
and possibly increasing translation efficiency (Nabel-Rosen et al., 2002). In addition, 
How (S) dramatically increases production of the long Stripe-A isoform in the tendon cell, 
which is required for complete differentiation (Fig 1-12; Volohonsky et al., 2007). 
 
 Thus, the stripe gene product coordinates the embryonic musculature and 
exoskeleton (cuticle) through specification and maintenance of the tendon cells. Each 
column of stripe is initiated by a unique signaling input, which allows developmental 
signaling pathways to establish a repeating pattern across the parasegment, and results 
in tendon cell specification across signaling territories. 
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SPECTRAPLAKINS  
Although stripe is presumed to have many targets, only a relative few have been 
studied in detail. One such target is the spectraplakin Shortstop (Shot). Spectraplakins 
are extremely large cytoskeletal proteins with characteristics of both the spectrin and 
plakin families, and are generally thought to function by linking cytoskeletal filaments to 
one another or to the membrane (Roper et al., 2002). Spectraplakins are highly 
multifunctional, and have been demonstrated to interact with actin filaments, 
microtubules, and intermediate filaments (reviewed in Brown, 2008). This makes 
spectraplakins unique in their ability to foster cytoskeletal communication and 
coordination between networks, and capable of a diverse array of functions. 
 
PLAKINS 
Plakins are large cytolinkers made up of various combinations of similar protein 
domain modules. In general, plakins are comprised of three distinct domains or modules: 
an N-terminal actin binding domain, central rod domain, and an intermediate filament 
(IF) binding C-terminus (Leung et al., 1999). Each module has a distinct function and/or 
interacting partner(s), and the diversity of plakin function arises by these domains 
combining in different ways (reviewed in Leung et al., 2002; Sonnenberg and Liem, 
2007). Plakins generally act to link the cytoskeleton to various cellular junctions, 
providing stability, and therefore they are often found in tissues that undergo large 
amounts of mechanical stress, such as the skin, muscle, and heart. Not surprisingly, 
when plakin function is disrupted in rodent models or human disease states, increased 
fragility of these oft-stressed tissues is observed. Skin blistering, muscle weakness, and 
neuron degeneration have all been reported (Brown, 1995; Gallicano et al., 1998; Andra 
et al., 1997; Guo et al, 1995; Uitto, 1996; reviewed in Leung et al., 2002; Sonnenberg 
and Liem, 2007).  
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 Thus far, seven distinct plakin genes have been discovered in mammalian 
genomes, many of which are differentially spliced (Fig 1-13). This results in a wide 
variety of protein domain combinations within the plakin family, and allows for tissue- or 
function-specific diversification. Individual members of the plakin family can bind actin 
filaments, microtubules, intermediate filaments, integrins, cadherins, and various 
combinations of the above (reviewed in Leung et al., 2002; Sonnenberg and Liem, 
2007). Conserved through these diverse proteins is an α-helical protein domain known 
as the plakin domain (Leung et al., 1999), which is thought to be important for targeting 
these proteins to junctions (Leung et al., 1999; reviewed in Sonnenberg and Liem, 
2007). In addition, most plakins can bind intermediate filaments either directly via their 
plakin repeat domains, or indirectly via hetero-dimerization, and are considered 
important for linking intermediate filaments to the membrane in cellular junctions (Leung 
et al., 1999).  
 
 
SPECTRAPLAKIN SUBFAMILY 
Of special interest here are two plakins – BPAG1-a and MACF/ACF7 (hereafter 
referred to as MACF)  – which have the rare capacity to bind both actin filaments and 
microtubules simultaneously (Karakesisoglou et al., 2000; Lee and Kolodziej, 2002a; 
Leung et al., 1999). BPAG1-a and MACF also contain large numbers of spectrin repeats, 
further classifying them as members of the spectraplakin subfamily. Spectrin repeats are 
thought to function as flexible spacer regions to separate the two actin binding sites at 
either end of the heterodimer and conform to the shape of the membrane (Leung et al., 
2002). To this, spectrin repeats are often found in varying numbers in other types of 
cytoskeletal proteins, where they are presumed to maintain specific spacing and/or 
flexibility between domains there as well.  
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Although MACF binds all along microtubules, it is enriched both at MT plus ends 
and with a stable population of MTs in vivo known as Glu-Tubulin or de-tryosinated MTs 
(Kodama et al., 2003; Leung et al., 1999). MACF can bind EB1 directly and has been 
demonstrated to localize, stabilize, and bundle MTs (Kodama et al., 2003; Leung et al., 
1999; Slep et al., 2005). In addition, MACF is vital for integration and communication 
between the actin and MT cytoskeletons in processes requiring polarized growth, such 
as wound healing (Sanchez-Soriano, 2009). 
Importantly, MACF and BPAG1-a, themselves partially redundant paralogs, are 
homologous to the only known invertebrate plakin (shot in Drosophila and Vab-10 in C. 
elegans; Kodama et al., 2003) and much has been inferred about the functions of these 
mammalian proteins based on data from the invertebrate models, which show surprising 
similarities to the mouse models. For example, the neuronal degeneration reported in 
Dystonia musculorum (dt) mice has been attributed to a disorganized cytoskeleton in 
certain neurons as a result of BPAG-1 loss (Brown et al., 1995; Leung et al., 1999; 
Thoma-Uszynski, 2006).   
 
SHORTSTOP 
In contrast to mammals, invertebrate genomes only code for a single 
spectraplakin, encoded by the shortstop (shot) locus in Drosophila (Brown et al., 1995). 
Similarly to MACF and BPAG-1, Shot can associate with actin and microtubules, as well 
as junctional proteins, integrins, E-Cadherin and EB1 (Gregory and Brown, 1998; Lee et 
al., 2003; Lee and Kolodziej, 2002b; Leung et al., 1999; Roper and Brown, 2003; 
Subramanian et al., 2003). Interestingly, as intermediate filaments have yet to be 
discovered in Drosophila, this function for mammalian plakins seems not to apply here. 
However, it is believed that Drosophila utilize microtubules in place of intermediate 
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filaments for structural support, and many of the structures formed with actin and MTs in 
Drosophila are similar to those mammalian structures formed between actin and IFs. 
The first alleles of shot were pulled out of a screen attempting to identify proteins 
required for neuromuscular connectivity (Slep et al., 2005; vanVactor et al., 1993). shot 
mutants failed to properly extend sensory axons, resulting in the name shortstop 
(Kolodziej et al., 1995). Some years later, shot (initially named kakapo in these screens) 
was pulled out of another screen attempting to identify proteins involved in integrin-
mediated adhesion (vanVactor et al., 1993). These shot alleles demonstrated a loss of 
adhesion between the dorsal and ventral wing surfaces, a phenocopy of the defects 
caused by mutations in the PS integrins themselves (vanVactor et al., 1993). Since that 
time, it was realized that shot and kakapo were in fact allelic, and that shot was required 
for a number of cytoskeletal processes in the epidermis, trachea, neurons and tendon 
cells (Gregory and Brown, 1998; Lee et al., 2000; Prout et al., 1997; Strumpf and Volk, 
1998). 
Not surprisingly, since Shot is capable of interacting with so many cytoskeletal 
components, shot is widely expressed and required in tissues that require cytoskeletal 
remodeling or specialization. Shot, like other spectraplakins, is both highly modular and 
multifunctional. Shot contains at least four transcriptional start sites and extensive 
alternative splicing, making it a highly modular protein with diverse functions and easily 
allows for tissue- or cell-specificity (Gregory and Brown, 1998; Lee et al., 2003; Lee et 
al., 2000; Prokop et al., 1998; Roper and Brown, 2003; vanVactor et al., 1993).  
 Although reduction of shot can result in a range of phenotypes, some general 
themes have emerged from mutant studies. First, Shot is necessary for the organization 
and stabilization of microtubules, a function required for growth cone extension and 
tendon cell differentiation. Second, Shot is necessary for clustering membrane proteins, 
a function required for epidermal-muscle attachment and possibly axon extension. Third, 
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Shot is necessary for coordination of the actin and microtubule cytoskeletons, a function 
required in tendon cell reinforcement and tracheal cell fusion (Fig 1-16). In addition, 
different domains of Shot are required to carry out these tissue specific functions (Fig 1-
15; Bottenberg, 2009) 
 
AXON EXTENSION  
 As shot was originally cloned and characterized as a gene required for 
neuromuscular connectivity, a number of studies have focused on this phenotype. In 
embryogenesis, neuronal networks are formed through the pattered outgrowth of axons. 
Axon extension occurs in structures at the axon tips called growth cones (reviewed in 
Sanchez-Soriano et al., 2009). Although shot mutant neurons appear to undergo long-
range growth normally, both sensory and motor neurons fail to properly form growth 
cones and extend axons once the neurons near their targets (Prokop et al., 1998; 
Sanchez-Soriano et al., 2009).  
 Various axon defects in shot mutant animals have been reported such as 
disorganized microtubules, mislocalized membrane proteins, and disrupted filopodia 
formation (Lee et al., 2007; Lee and Kolodziej, 2002a; Prokop et al., 1998). These 
observations have led to several proposed molecular mechanisms. For example, one 
study demonstrates that the actin- and microtubule-binding domains are both required in 
the same molecule for growth cone extension, and suggests that Shot is serving as a 
cytolinker (Bottenberg, 2009). However, another study reports that the interaction of 
Shot’s EF-hand domain with the translational regulator Krasavietz is required for proper 
filopodia formation in cultured neurons, and Shot’s actin- and microtubule-binding 
domains are expendable (Lee and Kolodziej, 2007). There is also some debate as to 
whether shot is required for axon guidance per se, or simply for axon extension (Lee and 
Kolodziej, 2007; Prokop et al., 1998; Sanchez-Soriano et al., 2009). Although these 
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studies appear to conflict, these mechanisms are not mutually exclusive in principle. 
Shot (like other spectraplakins) is highly multifunctional and likely has multiple roles in 
the axon, mediated by different protein domains in different isoforms (Fig 1-17).  
 
TRACHEAL FUSION 
 Tracheal branching in Drosophila is an excellent model of in vivo tubulogenesis 
and lumen formation. Initially, embryonic tracheal development occurs piecemeal, from 
segmentally repeated tracheal sac invagination. Near the end of embryogenesis, the 
individually formed lumens must join together to form a continuous lumen (Fig 1-18; 
reviewed in Affolter, 2008). This process is called anastomosis, and is best understood 
in fusion cells, specialized cells that join at the dorsal and ventral midlines (Affolter, 
2008). Anastomosis involves DE-Cadherin dependent cytoskeletal remodeling, and 
requires shot (Lee et al., 2003 ; Samakovlis et al., 1996).  
 Although the exact role(s) for Shot in anastomosis is unknown, current models 
propose that DE-Cadherin recruits Shot to the site of tube fusion, where Shot serves to 
stabilize the nascent contact and recruit other cytoskeletal elements such as 
microtubules, actin and membranous vesicles (Lee et al., 2003). These components 
align, allowing the invagination of apical membrane from the fusion cells and joining of 
the lumens (Fig 1-18A). In addition, expression of constitutively active RhoA in tracheal 
cells phenocopies the shot loss-of-function phenotype (Lee et al., 2002b). E-Cadherin is 
thought to antagonize the RhoA GTPase, providing additional support for this model. 
  
EPITHELIAL INTEGRITY 
Shot is required to maintain stability in a number of epithelial tissues that are 
under tension. Interestingly, Shot can protect tissues from internal forces, such as 
cytoskeletal remodeling or morphogenesis, as well as external forces, such as pulling 
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between tissue layers or types (Lee and Kolodziej, 2002b; Prout et al., 1997).  
As different molecules carry out these two types of cellular adhesion, the ability 
of Shot to bind many cytoskeletal proteins is vital. The interaction of Shot with the PS-
Integrins is vital for strengthening tissues from external shearing forces (Prout et al., 
1997). Shot is required for the integrin-mediated adhesion between dorsal and ventral 
wing blades and in connecting tendon cells to the underlying musculature. In contrast, 
Shot must interact with E-Cadherin (and possibly other cellular adhesion molecules) to 
reinforce tissues undergoing morphogenesis, such as the trachea and embryonic 
epidermis (Karakesisoglou et al., 2000; Lee and Kolodziej, 2003; Roper and Brown, 
2003.). 
Although the exact roles of individual Shot isoforms are far from clear, it is 
thought that distinct isoforms may mediate these distinct functions. Support for this 
model comes from studies in C. elegans, where removing individual isoforms of the 
worm spectraplakin vab-10 results in non-overlapping epidermal phenotypes (Fig 1-19; 
Bosher et al., 2003) 
 
EPIDERMAL-MUSCLE ATTACHMENT 
 Although there are multiple isoforms of Shot present in the epidermis, a short 
isoform of Shot (ShotLA) is specifically upregulated in response to stripe in the tendon 
cells (Roper and Brown, 2003). ShotLA is initially expressed around stage 13, and thus 
is a downstream target of the early stripe isoform, stripe-B. ShotLA can bind actin 
through its N-terminal Calponin Homology (CH) domains and microtubules through its C-
terminal Gas-2 domain. ShotLA also contains EF-hand and plakin domains, although 
these are not known to be required for function here (Becker et al., 1997).  In tendon 
cells, it is thought that Shot is required to link the actin and microtubule cytoskeletons, 
preventing the tendon cell from rupturing upon muscle contraction (Fig 1-20; 
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Subramanian et al., 2003; Lee et al., 2007). Although some recent evidence calls this 
model into question (Bottenburg et al., 2009), it is supported by many observations. 
Loss-of-function shot mutants have defects in larval movement, as their tendon cells 
rupture under the stress of muscle contraction. In addition, Shot is enriched at both the 
apical and basal ends of the tendon cell longitudinal MT array, consistent with the 
hypothesis that Shot links this array to other cytoskeletal components.  
 
 In summary, Shot, the lone Drosophila plakin, acts in many tissues to coordinate 
cytoskeletal processes. Due to the diversity and abundance of Shot isoforms, it has 
been difficult to assign molecular functions to Shot in specific situations, although 
attempts have been made. Thus far, much of our understanding of spectraplakin 
function has been gained from the use of invertebrate models. 
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FIGURE 1-1: Morphogen Gradients. 
(A) Without a source of morphogen (yellow bar), cells remain unspecified or take on a 
default fate. (B) Low concentrations of morphogen can induce an alternate cell fate (Fate 
A) near the source. (C) Higher concentrations of morphogen elicit Fate A several cell 
diameters away from the source. However, a novel fate (Fate B) is seen where the 
concentration of morphogen is higher, near the source. Thus, it appears that Fate A is 
induced at lower concentrations of morphogen, and that Fate B is induced at higher 
concentrations of morphogen. Adapted from (Gilbert, 2000) . 
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FIGURE 1-2:  
                           
FIGURE 1-2: SHH Specifies Neuronal Fates. 
Establishment of cell fate by the Sonic Hedgehog (SHH) gradient. This establishes 
distinct progenitor domains along the dorso-ventral axis of the neural tube, which 
prefigure and predict defined classes of neurons. Modified from (Gilbert, 2000).  
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FIGURE 1-3: 
  
 
FIGURE 1-3: Planar Polarity in Epithelia. 
Wild-type tissues exhibit an ordered array of protrusions (A, C, E), which is lost in PCP 
mutant animals (B, D, F). (A,B) Drosophila wings (C, D) mouse hairs (E and F) mouse 
inner ear. (Zallen, 2007)  
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FIGURE 1-4: 
 
 
FIGURE 1-4: Apical Epithelial Specializations. 
Various structures composed of parallel, cross-linked actin filaments. It is thought that 
each of these structures begins as a simple microvillus and then is further elaborated 
into the final structure. (Adapted from DeRosier and Tilney, 2000). 
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FIGURE 1-5: 
 
FIGURE 1-5: Apical Constriction and Tissue Bending.  
(A,C) Drosophila mesoderm invagination requires cells to change shape via in apical 
constriction (pink). (B,D) Vertebrate neurulation also requires apical constriction in order 
to “bend” the tissue in defined regions (pink). (Lecuit and Lenne, 2007)  
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FIGURE 1-6: 
 
 
FIGURE 1-6: Cellular Intercalation and Axis Elongation.  
Cells undergoing convergent extension exchange neighbors such that the tissue 
lengthen along their A-P axis and shorten along their D-V axis. This occurs in the 
absence of cell growth or division. (Bertet, 2004) 
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FIGURE 1-7:  
 
FIGURE 1-7:  Drosophila Ventral Epidermis. 
 (A) Roughly two parasegments of stage 15 embryo, showing Phallodin (green; a marker 
of actin-based protrusions) with anti DE-Cadherin (magenta; to show cell outlines). (A’) 
Magnification of box in (A), indicating posterior ABP placement (arrows). (B) Roughly 
two parasegments of stage 17 embryo, showing cuticle. The actin-based protrusions 
(green in A) will give rise to the cuticular protrusions in B. (B’) Magnification of box in (B), 
displaying anterior denticle hooking in column one. Note that the domain of svb 
expression denotes the limits of the denticle field. 
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FIGURE 1-8: 
 
FIGURE 1-8: Specification of the Denticle Field.  
(A) Schematic and micrograph of one parasegment of ventral epidermis, with smooth 
and denticle producing cells indicated. (B) A signaling cascade subdivides the 
parasegment into progressively smaller territories.  
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FIGURE 1-9: 
 
FIGURE 1-9: Denticle Diversity.  
Schematic (A) and micrograph (B) of a wild-type denticle field. Note how the denticles 
differ from column to column. Specifically, note that columns one and four are the only 
cells that hook their denticle to the anterior (arrows). Stripe expression is indicated by 
purple nuclei in (A). 
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FIGURE 1-10:
 
FIGURE 1-10: Muscles and Tendons.  
Both vertebrate tendons (A) and Drosophila tendon cells (B) link muscles to the 
skeleton. Red indicates muscles, blue indicates tendons, and yellow indicates the 
skeleton. The vertebrate skeleton is internal, where the insect skeleton is external. 
Images modified from (Flybase). 
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FIGURE 1-11:  
 
 
FIGURE 1-11: Reciprocal Signaling between Muscle and Tendon Cells. 
 Early tendon cell specification is does not depend on signals from myotubes. Later, as 
myotubes attach, Vein-Egfr mediated signaling occurs, which is necessary for the 
tendon cell to complete differentiation. Modified from (Yarnitzky et al., 1997) 
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FIGURE 1-12:  
 
 
 
FIGURE 1-12: Stripe Isoforms. 
Stripe-A and Stripe-B share a common C-terminus, including the triple zinc finger 
domain, but differ in their N-termini.   
 ZF = Zinc Finger NLS = Nuclear Localization Signal (Volohonsky et al., 2007) 
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FIGURE 1-13:  
 
 
 
 
FIGURE 1-13: Plakin Family of Proteins.  
Plakins are mutli-domain proteins that each share a common Plakin domain (blue), but 
differ in the number and identity of other protein interaction domains (Roper et al., 2002). 
 
 
 
 
   
 
 
 
 
 
 41 
FIGURE 1-14:   
 
 
FIGURE 1-14: shot Genomic Region and Shot Isoforms.  
Shot has many transcriptional start sites and is extensively alternatively spliced. The 
isoforms can be regulated distinctly, and multiple isoforms can be found in the same cell.  
Calponin homology domains (orange) bind actin; GAS2 domain (yellow) is MT binding. 
The plakin repeats (pink) interact with junctional proteins. (Roper and Brown, 2002)                
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FIGURE 1-15:   
Genotype  Tendon Cells  Dendrite Growth  Axon Growth 
 
Tracheal Fusion 
shot  ‐  ‐  ‐  ‐ 
shot + shot::GFP  +  +  +  + 
shotKAKp2 /Df  +  ‐  ND  + 
shot + Δplakin  +  +  ND  ND 
shot + Δrod  ‐/+  ‐/+  +  ND 
shot + ΔEF  +  ‐  ‐  ND 
shot + ΔGas2  ‐  ‐  ‐  +  
 
 FIGURE 1-15: Overview of Existing Structure-Function Data for Shot. 
Distinct domains of Shot are required for function in different cell types. “+” indicates full 
rescue, “-/+” indicates partial rescue, “-“ indicates no rescue and “ND” indicates not 
determined.  Modified from (Bottenburg, 2009). 
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FIGURE 1-16:  
 
 
FIGURE 1-16: Proposed Spectraplakin Functions.  
Spectraplakins have been demonstrated to link the actin and MT cytoskeletons (1), link 
MTs to the plasma membrane (2), cluster membrane proteins or receptors (3), and act 
as scaffolds for signaling complexes (4). Modified from (Roper et al., 2002) 
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FIGURE 1-17:  
 
 
 
FIGURE 1-17: Proposed roles for Shot in axon extension.  
Shot has multiple functions in axon extension, mediated by different protein-interaction 
domains (Sanchez-Soriano, 2009). 
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FIGURE 1-18:  
 
 
 
FIGURE 1-18: Tracheal Cell Fusion.  
(A) Phases of anastomosis. (B) Proposed role for Shot in tracheal cell fusion. Initially the 
fusion cells form a track composed of E-Cadherin and cytoskeletal components including 
Shot (blue and red lines in A). This track stabilizes the contact and allows the fusion cells 
to apically invaginate and merge lumens. (Lee et al., 2003). 
 
 
 46 
FIGURE 1-19:  
 
FIGURE 1-19: Individual C. elegans spectraplakin isoforms perform unique 
functions.  
(A) C. elegans plakin isoforms. Vab-10a is most similar to plectin, and contains a long 
stretch of plectin repeats (blue diamonds). Vab-10b is most similar to MACF, and 
contains a domain of spectrin repeats (pink rectangle) and a MT binding domain (green 
hexagon). Adapted from (Sonnenberg and Leim, 2007). (B) Similar to the Drosophila 
embryonic epidermis, the worm embryonic epidermis is attached to both the cuticle and 
the muscle layers. Loss of Vab-10a results in failure of epidermal-muscle attachment. In 
contrast, loss of Vab-10b results in increased epidermal thickness. FO = fibrous 
organelles, homologous to Drosophila tendon cells (Bosher et al., 2003) 
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FIGURE 1-20:  
 
FIGURE 1-20 Shortstop in Tendon Cells. 
Shot is hypothesized to link the apical-basal MT array to both the basal integrins and 
apical tonofilaments. Adapted from (Gregory and Brown, 1998). 
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CHAPER TWO: 
STRIPE INDUCES COLUMN SPECIFIC DENTICLE DIVERSITY1 
 
 
 
ABSTRACT 
As epidermal cells form denticles apically, a subset of these epidermal cells 
(called tendon cells) form junctions with myotubes at their basal surface. This process is 
known as epidermal-muscle attachment (EMA). Upon muscle contraction, mechanical 
information is communicated from the EMA junction to the larval cuticle, which allows for 
efficient larval crawling. Interestingly, reversed hook orientation (towards the anterior) is 
found adjacent to muscle attachment sites, suggesting that the tendon cells may play 
some role in anterior hooking. The EGR-like transcription factor stripe is necessary for 
the specification and maturation of tendon cells, recruitment of myotubes, and 
stabilization of EMA junctions (Becker et al., 1997; Frommer et al., 1996; Strumpf and 
Volk, 1998; Subramanian et al., 2003; Yarnitzky et al., 1997). Here, we describe a novel 
function of stripe in the tendon cells:  assigning anterior denticle hooking to neighboring 
cells.  
 
 
 
 
                                                        1 Portions of this chapter were published as Dilks, S. A., DiNardo, S. (2010). Non‐Autonomous Control of Denticle Diversity in the Drosophila Embryo. Development, 
in press. 
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MATERIALS AND METHODS 
 
DROSOPHILA STRAINS 
We analyzed null mutations for sr, ptc, Ser and wg: sr155 (FBal0032779), ptcIN 
(FBal0028499), Df(2R)44CE (FBab0001930), SerRX82 (FBal0030223), SerRX106 
(FBal0030221), wgEN11 (FBal0036007) and wgI-17 (FBal0018509),  as well as 
hypomorphs for sr and ptc: sr3999 (FBal0009498), sr461 (FBal0032784), srG11 
(FBal0050558), ptcG20 (FBal0032507). The deficiency uncovering stripe was Df(3)DG4 
(FBab0002521). All stocks were balanced over TM6 Hu P{w+ Ubi-GFP}, CyO P{w+ Kr-
Gal4} P{w+ UAS-GFP}, or FM7 B P{w+ Kr-Gal4} P{w+ UAS-GFP}  for cuticle analysis. 
P{w+; Ptc-GAL4}, P{w+; En-GAL4}, P{w+; Tub-GAL4}, P{w+; Act5c-GAL4}, hhts2, were 
from the Bloomington stock center; Egfrtsla (FBal0083481) was from K. Moses 
(Rodrigues et al., 2005) and Egfrf24 (FBal0003552) was from T. Schupbach (Clifford and 
Schupbach, 1989); P{w+: UAS-srB} and P{w+: UAS-srA} were from T. Volk (Dorfman et 
al., 2002; Volohonsky et al., 2007). 
 
CUTICLE PREPARATION AND IMMUNOHISTOCHEMISTRY 
Embryos were collected on apple agar plates, aged, and either processed to visualize 
cuticle pattern by phase-contrast microscopy (van der Meer, 1977), or fixed and 
processed for immunofluorescence. In most cases, embryos were genotyped using a 
fluorescent stereomicroscope. Embryos were processed for immunofluorescence using 
a high concentration–short fixation, where dechorionated embryos were rocked in vials 
containing a 1:1 mixture of heptane and 37% formaldehyde for 5-7 min (Teodoro and 
O'Farrell, 2003). Embryos were then pipetted onto a glass slide, picked up on double 
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stick tape affixed to a cover slip, placed in a watch glass and covered with PBS. To 
preserve Phalloidin binding to F-actin, a needle was used to poke the embryos out of 
their vitelline membranes. When Phalloidin was not used, vitelline membranes were 
removed by shaking the embryos vigorously in a mixture of heptane and methanol (1:1).  
 
ANTIBODIES USED 
The following antibodies (and dilutions) were used for 2 hours at room temperature or 
overnight at 4oC: guinea pig anti-Stripe and rat anti-Stripe A (1:500, gifts from Talila 
Volk), mouse anti-phosphorylated Tyrosine (1:500, Molecular Probes) and rat anti-DE 
Cadherin (1:20, DSHB). Secondary antibodies, used at 1:400 for 1 hour, were 
conjugated to Alexa™(Molecular Probes) or Cy3 and Cy5 dyes (Jackson Labs). Dye-
coupled Phalloidin was used at 1:200 (Alexa-488, Alexa-568 or Rhodamine coupled, 
Molecular Probes). Stained embryos were mounted in Prolong Gold (Molecular Probes), 
and images were obtained using structured illumination (Zeiss Apotome) and assembled 
in Adobe Photoshop. 
 
QUANTIFICATION 
To quantify denticle hook orientation, cuticles were prepared and visualized using 
standard phase-contrast microscopy. Each scorable denticle in the column of interest 
was manually tallied as either hooking towards the anterior, posterior, or 
ambiguous/unhooked. Whenever possible, segments A3 – A7 were scored in each 
embryo. Data was gathered from multiple segments of multiple animals and was 
complied in Excel. For all genotypes, more than 100 individual denticles from at least 5 
embryos were scored for quantification.  
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To quantify denticle density, we stained embryos with Phalloidin to label the actin-based 
protrusions and phospho-Tyrosine to label cell outlines. We then manually tallied the 
number of protrusions per cell in each column.  
 
To quantify stripe-expressing nuclei (in Fig 2-1), embryos were sorted for genotype, 
stained with anti-Stripe and visualized by immunofluorescence. stripe-expressing nuclei 
were counted manually, and the ratio of stripe-expressing nuclei in column 2 versus 
column 5 was calculated and compared between genotypes. As a control, the ratio of 
stripe-expressing nuclei in column 5 versus the smooth field was also calculated and 
compared between genotypes.  
 
TEMPERATURE SHIFT EXPERIMENTS 
Embryos were collected for 2 hours at room temperature, aged at 18oC for the indicated 
time, and then shifted to 29oC. The length of time at 18oC was determined by trial and 
error – such that a denticle hooking phenotype was observed without cell fate change or 
cell column loss. For cuticle preparations, embryos were aged at 29oC until just prior to 
hatching (about 20-21 hours after egg laying), genotyped and processed. For 
immunofluorescence, embryos were aged at 29oC until stage 15-16, genotyped, then 
fixed and processed. For Egfrts experiments, embryos containing a heteroallelic 
combination of Egfrtsla over the amorph Egfrf24 were used.  
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INTRODUCTION 
At roughly the same time epidermal cells form denticles at their apical surface, a 
subset of these epidermal cells are further specified as tendon cells. Similar to 
mammalian tendons, these cells allow mechanical information to be communicated from 
the muscles to the skeleton for efficient movement. To withstand the force of muscle 
contraction, Drosophila tendon cells create a specialized array of apical-to-basal 
microtubules and actin filaments, without which they rupture upon contraction (Prokop et 
al., 1998; Subramanian et al., 2003). In addition, the tendon cells make stable, integrin-
mediated junctions with myotubes at their basal surface and ZP-mediated attachments 
to the cuticle at their apical surface. This process is known as epidermal-muscle 
attachment (EMA), and is required for efficient hatching and larval crawling.  
It has been well documented that the EGR-like transcription factor stripe is 
necessary for the specification and maturation of tendon cells, recruitment of myotubes, 
and stabilization of EMA junctions (Becker et al., 1997; Frommer et al., 1996; Strumpf 
and Volk, 1998; Subramanian et al., 2003; Yarnitzky et al., 1997). All of the genes known 
to be involved in tendon cell formation are transcriptionally downstream of stripe, making 
stripe a so-called “master regulator” of tendon cell fate.  
The transcriptional regulation of stripe itself is much more complex. The stripe 
promoter contains a number of binding sites for distinct signaling pathways, such as the 
Wingless and Hedgehog pathways (Pan and Ci sites, respectively; Piepenburg et al., 
2000).  Thus, in the ventral epidermis, each column of Stripe expression requires a 
distinct signaling pathway (Piepenburg et al., 2000; Hatini and DiNardo, 2001).  
Interestingly, reversed denticle hook orientation (towards the anterior) is found 
immediately adjacent to muscle attachment sites, suggesting that the tendon cells may 
play some role in anterior hooking. Here, we describe a novel function of stripe in the 
tendon cells: assigning anterior denticle hooking to neighboring cells. 
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RESULTS 
hedgehog & spitz are required for anterior denticle hooking. 
During development, cells within each parasegment are allocated to either the 
prospective smooth field or denticle field (O'Keefe et al., 1997; Payre et al., 1999; Szuts, 
1997). Once the denticle field is established, short-range signals subdivide the field into 
progressively smaller territories (Alexandre et al., 1999). It has been observed that the 
orientation of denticle hooks reverses across certain territorial boundaries, specifically, 
the boundaries between columns one and two and columns four and five (Alexandre et 
al., 1999).  As we (and others) had previously shown that the Hedgehog/Smo and 
Spitz/Egfr signaling pathways had specific effects across these respective boundaries 
(Hatini and DiNardo, 2001), we tested whether these signals were involved in denticle 
hooking. We wished to bypass earlier requirements for Hedgehog (Hh) and Egfr by 
using temperature-sensitive alleles (hhts2, Egfrtsla; Ma et al., 1993; Rodrigues et al., 
2005). We raised embryos at the permissive temperature until the actin-based 
protrusions began to form, then we shifted to the restrictive temperature and scored 
denticle hook orientation after cuticle deposition.  
Cell columns one and four are the only columns that produce denticles that hook 
towards the anterior (Fig 2-1A). Anterior hook orientation is quite consistent in wild-type, 
with about 95% of columns one and four denticles hooking towards the anterior and only 
about 5% failing to hook (Fig 2-1G, see M&M for scoring criteria). When we inactivated 
Egfr, we found that 70% of column four denticles exhibited incorrect hook orientation 
(Fig 2-1C,G), while all other columns were unchanged. Similarly, when we inactivated 
hh, we found that 57% of column one denticles failed to hook towards the anterior (Fig 2-
1E,G), while all other columns remained wild-type. These hooking phenotypes were not 
due to changes in denticle field specification, as all denticle columns were present. From 
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these data, we conclude that the hh and Egfr pathways are required for anterior denticle 
hooking in cell columns one and four, respectively. 
 
stripe is required for anterior denticle hook orientation. 
We next sought to identify a target(s) of these signaling pathways involved in 
denticle hook orientation. We and others have previously characterized a target common 
to both the Hh and Egfr pathways: the transcription factor stripe (Hatini and DiNardo, 
2001). stripe is expressed in columns two and five in the prospective denticle field, and 
one additional column in the smooth field (Fig 2-1B, 2-2A). Each column of stripe 
expression is dependent on distinct signals: hh signaling is required in column two and 
spitz/Egfr signaling is required in column five (Hatini and DiNardo, 2001; Piepenburg et 
al., 2000; Wiellette and McGinnis, 1999).  
First, we verified that Stripe protein was selectively depleted from the proper 
columns in embryos compromised for Hh or Egfr pathway activation. In Egfrts embryos, 
Stripe protein was indeed lost selectively from cell column five and retained in column 
two (Fig 2-1D; see also Hatini and DiNardo, 2001). While hhts embryos maintained Stripe 
expression in some column two cells (Fig 2-1F), their number was significantly reduced 
from 11.5 per to 6.2 Stripe-positive nuclei per column. The effect was selective for 
column two, as column five remained unchanged compared to controls (14.5 per 
column; see M&M).  
To determine whether stripe is required for denticle hook orientation, we 
examined stripe mutant embryos. In contrast to the wild-type, stripe mutants exhibited a 
dramatic decrease in anterior hooking in both cell columns one and four (Fig 2-2C). In 
stripe mutant embryos, 88% of column one denticles and 63% of column four denticles 
exhibited a loss of anterior hooking (Fig 2-2E).  
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These hooking defects did not appear to be associated with additional defects in 
planar polarity. In stripe mutant embryos, as in wild-type, the denticles were arranged in 
columns (Fig 2-2B,C; Dickinson and Thatcher, 1997). The position of the actin-based 
protrusions also appeared normal, as they were positioned along the posterior edges of 
cells and exhibited posterior outgrowth (Fig 2-2F,G; Price et al.; Walters et al.). As stripe 
mutant embryos exhibited these characteristics of polarity, we conclude that the primary 
defect in stripe mutants is a loss of anterior denticle hook orientation, rather than a 
defect in tissue polarity. 
Previous work has suggested that the cuticle pattern arises as a result of local 
signaling interfaces within the epidermis (Alexandre et al., 1999). As stripe is induced 
asymmetrically across these interfaces via hh and spi, we propose that signaling 
interfaces could influence denticle diversity via initiating stripe in the neighboring cell (Fig 
2-2A; Hatini and DiNardo, 2001). 
 
stripe is required non-autonomously for anterior denticle hook orientation. 
To test directly if local, cell non-autonomous stripe expression is sufficient for 
anterior hooking, we attempted to rescue the column one hooking defect in the stripe 
mutant by adding back stripe to column two using the Patched:Gal4 (Ptc) driver. Ptc 
expresses highly in column two (and more weakly in columns three and beyond), but not 
in cell column one (Fig 2-2H). Restoring stripe expression using Ptc:Gal4 indeed 
restored proper anterior hooking in cell column one (Fig 2-2D,I; compare to 2-2C). We 
conclude that the requirement for stripe is strictly non-autonomous, and that the 
expression of stripe in cell column two is necessary and sufficient for the anterior 
hooking of cell column one. Currently, no Gal4 drivers exist that can restore stripe 
selectively to column five cells, but based on our Egfrts data, we presume that column 
five expression of stripe similarly acts non-autonomously on column four hooking. 
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stripe instructs anterior hook orientation.   
 From the previous data, it is unclear whether stripe effectors actively instruct 
anterior denticle hooking or are simply permissive for it. To distinguish between these 
possibilities, we examined hook orientation in embryos where stripe was expressed 
broadly.  
We ectopically expressed stripe in a wild-type background using Ptc:Gal4, which 
expresses highly in column two and more weakly in columns three and four. This 
resulted in Stripe protein accumulating in prospective denticle columns two through five 
(Fig 2-3A,C), exposing column four to multiple stripe sources (Fig 2-3A). Ptc::stripe 
embryos displayed a hooking defect specifically in column four, where over 80% of 
denticles failed to hook to the anterior (Fig 2-3B,D). Denticles in cell column one showed 
similar results upon expressing stripe under control of Engrailed:Gal4 (En:Gal4), which 
expresses in cell column one and cells to the anterior (Fig 2-3H-J). These data 
demonstrate that stripe expression is not simply permissive for proper hook orientation, 
but that stripe can alter denticle hooking in neighboring cells. 
In both of these experiments, aberrant shaping occurred in a cell that both 
intrinsically expressed stripe and was exposed to stripe expression in both flanking cells. 
To determine which ectopic source of stripe altered denticle hooking, we examined 
serrate (ser) null mutants, where a single cell column was flanked by stripe-expressing 
cells without itself expressing stripe (Walters et al., 2005; Wiellette and McGinnis, 1999). 
When the denticles produced by this cell column were scored for hook orientation, we 
found that 61% of denticles were ambiguous for hook orientation, and fewer than 1% of 
denticles hooked towards the anterior (Fig 2-3E,G). A similar situation was observed in 
the hypomorphic ptcG20 mutant, where ectopic activation of the Hh pathway leads to an 
expansion of stripe posterior to column two (Fig 2-3L,M). In ptcG20, as in Ser, column four 
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is flanked by stripe expressing cells without expressing stripe itself, which resulted in a 
loss of anterior hooking in column four (Fig 2-3K). 
These data indicate that cells can determine the source of stripe expression and 
hook its denticle away from the stripe source. Additionally, this observation hints that 
stripe expression in column two could influence the exaggerated posterior hook of 
column three denticles as well (see Discussion).  
 
stripe induction and cuticle pattern. 
Previous work has suggested that the cuticle pattern arises as a result of local 
signaling interfaces within the epidermis (Alexandre et al., 1999). As stripe is induced 
across these interfaces, we propose that signaling interfaces could influence denticle 
diversity via initiating stripe. To test this, we chose previously described mutant 
conditions where the cuticle pattern was altered from the wild-type and asked whether 
Stripe was present at the ectopic interfaces. For each condition, we stained these 
embryos with anti-Stripe, Phalloidin (to label actin), and phospho-tyrosine (to label cell 
outlines).    
While wingless (wg) mutant embryos were initially described as having lost all 
cellular diversity (Bejsovec and Wieschaus, 1993), subsequent analysis of gene 
expression suggested that considerable diversity remained. In particular, cell columns 
four and five were present in wg mutants, where they appeared to exhibit a mirror-image 
duplication (Fig 2-4A; (Alexandre et al., 1999; Gritzan et al., 1999). Similarly, mutations 
in patched (ptc) also lead to approximate mirror-image duplication, although cell columns 
one and two are duplicated in this case (Fig 2-4C; Alexandre et al., 1999; Ingham, 
1993).  In both of these mutant conditions, stripe exhibited a mirror-image duplication as 
well (Fig 2-4B,D), consistent with the model that the column one/two and four/five 
interfaces could influence denticle diversity by initiating stripe expression. 
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Additionally, the Hh pathway is constitutively activated in ptc mutants, which 
leads to Stripe expression between column one and its mirror-symmetric domain (Fig 2-
4D; see also (Hatini and DiNardo, 2001; Ingham and Hidalgo, 1993; Ingham et al., 
1991). We suggest that the ectopic stripe expression explains why denticles within the 
roughly mirror-symmetric field of ptc mutants are often indeterminate in type, as ectopic 
stripe may influence their number and hooking. 
Segment polarity mutants such as ptc and wg disrupt additional aspects of 
epithelial patterning that stripe does not. In wild-type, the actin-based protrusions that 
lead to denticle formation emanate from the posterior edge of each cell (Fig 2-2F; Price 
et al., 2006; Walters et al., 2006). This signifies that cells of the prospective denticle field 
are polarized in the plane of the epithelium, a process known as planar cell polarity 
(PCP). While the signals that define PCP in this epithelium are unknown, mutations 
affecting the organizing signals Wg and Hh disrupt tissue polarity globally. As a result, 
denticles are not only disordered at the level of hook orientation but now arise at variable 
positions on the cell surface (Fig 2-4B,D; Alexandre et al., 1999; Price et al., 2006; 
Colosimo and Tolwinski, 2006). In addition, mutations in the Wg or Hh pathway lead to 
massive cell death and global disruptions in epidermal cell shape. In contrast, stripe 
mutants do not exhibit obvious disruptions in tissue polarity or rectilinear organization 
(Fig 2-5B). Thus, stripe is the only known gene that affects denticle hook orientation 
without affecting tissue polarity or other global cellular properties. 
 
stripe specifies denticle density.  
Notably, columns two and five, which express stripe, spatially correlate with a 
second aspect of column-specific diversity: that of denticle density. Previously, cells 
were thought to produce two to three denticles each in all columns (Gergen and 
Wieschaus, 1985; Price et al., 2006; Szabad et al., 1979), but it was recently 
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appreciated that the number of denticles per cell was varied across the field (Price et al., 
2006). We found that cells can produce anywhere from a single denticle to as many as 
five denticles per cell (Fig 2-5A,C; Table 2-1). The stripe-expressing columns produced 
the fewest denticles, on average exhibiting only 1.2 denticles per cell, where column one 
cells produced 2.4 denticles per cell on average (Fig 2-5A,C; see M&M for scoring 
criteria). However, embryos null for stripe showed an increase in the number of denticles 
produced by both columns two and five without affecting other cell columns (Fig 2-5B,C; 
Table 2-1). These data indicate that stripe functions to reduce the number of denticles 
produced by a cell. 
To determine if stripe is sufficient to alter the number of denticles produced per 
cell, we ectopically expressed stripe using Engrailed:Gal4, which expresses highly in 
denticle column one. Interestingly, the addition of stripe to column one cells significantly 
reduced the number of denticles produced from 2.4 to 1.3 (Fig 2-5C; Table 2-1), 
indicating that stripe function plays a key role in specifying denticle density.  
 
Muscle attachment is not required for denticle hook orientation.  
Since stripe is necessary for muscle attachment, we wondered if the tension 
exerted by body wall muscles on column two and five cells was responsible for the 
anterior denticle hooking observed in neighboring cells. To test this, we examined 
myospheroid (mys) mutant embryos which lack β-integrin, an essential component of 
EMA junctions required for late tendon cell maturation (Martin-Bermudo, 2000).  
To confirm that EMA junctions are not formed in mys embryos, we stained mys 
mutant embryos with antibodies specific to each of the two stripe isoforms (Volohonsky 
et al., 2007). The early isoform, stripe-B, is induced via hh and sSpitz (Hatini and 
DiNardo, 2001; Volohonsky et al., 2007). Stripe-B initiates tendon cell differentiation, and 
attracts approaching myotubes (Volohonsky et al., 2007). When muscles attach, stripe 
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gene expression switches to the late isoform, stripe-A (Nabel-Rosen et al., 1999; 
Volohonsky et al., 2007). Formation of proper EMA junctions is required for this switch, 
so the presence of Stripe-A within a cell indicates stably attached muscles (Becker et al., 
1997). When we stained mys embryos with isoform-specific antibodies, we found that 
Stripe-B levels appeared comparable to wild-type, but mys mutant embryos lacked 
detectable Stripe-A (Fig 2-6D, compare to 2-6C). Therefore, we conclude that mys 
embryos lack stable EMA junctions, as previously reported (Martin-Bermudo, 2000). 
Although mys embryos fail to attach muscles, the denticle hooking pattern of mys 
embryos was indistinguishable from wild-type (Fig 2-6A). These data suggest that 
neither muscle tension nor complete EMA specification is required for anterior denticle 
hook orientation. 
Furthermore, while broad ectopic expression of ectopic Stripe-B using 
Tubulin:Gal4 led to hooking defects in both column one and column four (Fig 2-6B), it did 
little to alter the location of muscle attachment sites or Stripe-A expression (Fig 2-6E; 
Becker et al., 1997). The lack of correlation between denticle phenotype and EMA 
specification indicates that stripe functions in denticle hooking independently of its role in 
muscle attachment.  
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DISCUSSION 
Screening for mutations that affect the cuticle pattern has been a powerful 
approach to identify genes involved in developmental decisions (Luschnig et al., 2004; 
Mayer and Nusslein-Volhard, 1988; Nusslein-Volhard and Wieschaus, 1980). Some 
years ago, it became clear that the column-specific differences in denticle shape and 
hook orientation occurred as a result of differential activation of the signaling pathways 
that pattern the epidermis (Alexandre et al., 1999). However, since then, no downstream 
targets have been identified that selectively affect column-specific denticle diversity, and 
the mechanism(s) involved have remained elusive. Here, we show that stripe integrates 
signaling information and positional cues to specify denticle density and anterior hook 
orientation. 
 
 stripe links patterning signals to denticle diversity. 
We demonstrate that stripe is required for anterior denticle hook orientation, and our 
data suggests that the signals responsible for the elaborate denticle pattern (Alexandre 
et al., 1999) converge via placement of stripe expression into the proper cell columns.  
stripe is a genetic target of both the hh and EGFR pathways, and is regulated by Hh 
(and Wingless) directly via separable cis-regulatory elements (Hatini and DiNardo, 2001; 
Piepenburg et al., 2000). Additionally, previous work from our lab indicates that 
Serrate/Notch signaling acts in this epidermis to bolster EGFR pathway activity, and 
therefore could affect stripe expression through modification of the EGFR pathway 
(Hatini and DiNardo, 2001; Walters et al., 2005).  
Taking our data together with previously published work, stripe has at least three 
functions in this epidermis - specification of the muscle attachment sites (Frommer et al., 
1996; Volk and VijayRaghavan, 1994; Volohonsky et al., 2007), reversal of denticle 
hooking orientation, and determination of denticle density. At least some of these 
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functions are separable, as we show that muscle attachment is not required for hook 
orientation. However, the ventral denticle pattern is conserved throughout all 
drosophilids yet studied, which suggests that these three biological characteristics are 
functionally coupled (McGregor et al., 2007). This, in turn, suggests a reason why select 
denticle columns are anteriorly hooked. As muscle attachments are required for larval 
movement, perhaps a reversal in hook orientation at the attachment site provides for 
more efficient traction.  
We expected that the number of denticles produced by a cell would inversely 
correlate with the size of the denticles produced. That they do not appear correlated, 
however, is one surprising result from this study. In contrast to the effect on denticle 
density, stripe does not influence denticle size, either at the level of the actin-based 
protrusions or the level of the cuticle (not shown). This hints that neither actin nor cuticle 
proteins are limiting in this system. However, the denticles produced by tendon cells, 
while fewer, are often more robust and may be better able to transmit tension. We 
suggest that stripe could integrate patterning information to correlate muscle attachment 
with denticle density and shape, the latter via cytoskeletal remodeling or modulation of 
cuticle secretion components. Although beyond the scope of this work, it should be 
possible to design biophysical approaches to test these inferences.  
It is also suggestive that the three columns of denticles with the most obvious hook 
shape, irrespective of hook direction (columns one, three and four), are all immediately 
adjacent to a stripe-expressing cell (Fig 2-2A,B). Conversely, those columns exhibiting a 
more subtle hook (columns two and five) both express stripe (Fig 2-2A,B). Additionally, 
the more dramatically hooked columns each orient their denticle hook away from the 
source of stripe, and stripe mutants exhibit a loss of posterior hooking in about 30% of 
column three denticles (Table 2-2). This indicates that stripe may play a non-
autonomous role in posterior denticle hooking as well.  
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stripe could modify shavenbaby targets. 
Our work significantly advances the current understanding of how pattern diversity is 
produced within the cuticle. The allocation of cells into the smooth and denticle fields 
occurs when competitive signaling interactions between the Wingless and Egfr pathways 
result in restricted expression of the transcription factor shavenbaby (svb; Mevel-Ninio et 
al., 1991; O'Keefe et al., 1997; Payre et al., 1999; Szuts, 1997). Svb then regulates 
target genes that participate in actin dynamics, extracellular matrix deposition, and 
membrane morphogenesis to construct denticles (Chanut-Delalande et al., 2006). 
However, while svb is sufficient for denticle production, stripe is required for denticle 
diversity by regulating target genes that modulate denticle morphogenesis.  
We do not know all of the stripe target genes that are responsible for the non-
autonomous affects on denticle hooking. However, a re-analysis of some past work on 
the transcriptional program induced by shavenbaby places denticle hooking within the 
context of previous studies. The svb transcriptional program includes genes involved in 
parallel actin bundle formation, cuticle-membrane linkage, extracellular matrix formation, 
and cuticle pigmentation (Chanut-Delalande et al., 2006; Ren et al., 2006). It has been 
well established that svb effectors are required within a cell for denticle formation, and 
expressing the repressor form of svb is sufficient to suppress denticle formation in that 
cell (Chanut-Delalande et al., 2006; Payre et al., 1999). Re-inspection of previously 
published panels reveals that expressing the repressor form of svb in column two cells is 
not sufficient to alter hooking in the neighboring column one cells. This indicates that 
none of the svb effectors expressed in cell column two are required for the non-
autonomous, stripe dependent mechanism that leads to anterior hooking in cell column 
one. However, once the non-autonomous mechanism is engaged, one or more of these 
stripe-dependent factors could modulate the action of svb-dependent effectors in the 
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neighboring cell. How the Stripe targets interact with and modify the output of svb targets 
in specific denticle columns will be interesting to explore.  
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FIGURE 2-1: 
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FIGURE 2-1: hedgehog and spitz are required for anterior denticle hooking.  
Cuticle preparations in A, C, E; anti-Stripe (magenta) and Phalloidin (green) in B, D, F. 
Circles indicate denticles with incorrect hook orientation. (A) Cuticle, Egfrts/+, face on 
view of denticle field. Notice anterior hooking specifically in columns 1 and 4 (arrows). 
(B) Egfrts/+ embryo stained with anti-Stripe and Phalloidin. (C) Egfrts cuticle, up-shifted at 
9 hours. (D) Egfrts embryo, up-shifted at 9 hours. Note loss of Sr in column 5. (E) hhts2 
cuticle, up-shifted at 10 hours. (F) hhts2, up-shifted at 10 hours. Note reduction of Sr in 
column 2 (see text). (G) Quantification of hook orientation in wild-type (hhts2/+), hhts2 and 
Egfrts. Scale bar equals 10 µm in (A, C, E) and 20 µm in (B, D, F). Anterior is to the left in 
all figures. 
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 FIGURE 2-2:  
 
 83 
 
FIGURE 2-2: stripe is required for denticle hook orientation. 
 (A) Schematic of one parasegment of ventral epidermis in cross-section, showing 
nuclear accumulation of Stripe in cells corresponding to denticle columns 2 and 5, and in 
one smooth field cell column (S). Note that denticle hook orientation reverses at stripe-
expressing sites. (B) Wild-type cuticle preparation. Notice anterior hooking specifically in 
columns 1 and 4 (arrows). (C) sr3999 cuticle. Hooking defects are observed in both 
column 1 and 4 (circles). (D) Ptc::sr; sr3999 cuticle. Note restoration of anterior hooking in 
column 1 (arrow). (E) Quantification of denticle hook orientation in column 1 and column 
4 in sr3999/+, sr3999, and sr155/ Df(3)DG4 embryos. (F-G) Denticles arising from column 4 
cells of wild-type (F; sr3999/+) or sr mutant (G; sr3999) embryo showing Phalloidin (green) 
with anti-pTyrosine to label cell outlines (magenta). Note that the actin-based protrusions 
arise from the posterior of the cell and elongate towards column 5 cells. (H) Ptc::sr; sr3999 
embryo. Note restoration of column 2 Sr expression (arrow). (I) Quantification of column 
1 hook orientation in sr3999/+, sr3999, and Ptc::sr; sr3999 embryos. Scale bar equals 10 µm 
in (B, C, D); 4 µm in (F, G); 20 µm in (H). 
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FIGURE 2-3: 
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FIGURE 2-3: stripe instructs anterior hook orientation.   
Circles indicate denticles with incorrect hook orientation. (A) Diagram of Stripe 
expression in Ptc::sr and SerRX82 mutant conditions. (B) Ptc::sr cuticle, exhibiting 
incorrect hook orientation in column 4. (C) Ptc::sr embryo showing Stripe (magenta) and 
Phalloidin (green). (D) Quantification of denticle hook orientation in Ptc::sr and Tub::sr. 
(E) SerRX82 cuticle, exhibiting incorrect hook orientation in column 3/4. Similar results 
were observed with SerRX106, not shown. (F) SerRX82 embryo showing Stripe (magenta) 
and Phalloidin (green). The Stripe-expressing columns are shifted closer together 
(compare to Fig 2-1B). (G) Quantification of hook orientation in Ser/+, SerRX82. (H) En::sr 
cuticle, exhibiting incorrect hook orientation in column 1. (I) En:sr embryo showing Stripe 
(magenta) and Phalloidin (green). (J) Diagram of Stripe expression in En::sr. (K) ptcG20 
cuticle, exhibiting incorrect hook orientation in column 4. (L) ptcG20 embryo showing 
Stripe (magenta) and Phalloidin (green). (M) Diagram of Stripe expression in ptcG20 
mutant. Scale bar equals 10 um in (B, E, H, K) and 20 um in (C, F, I, L). 
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FIGURE 2-4:
 
 
FIGURE 2-4: Cuticle patterns and stripe induction. 
(A) Cuticle prepararion of wgEN11 mutant embryo. Numbers indicate duplicated columns. 
(B) wgEN11 embryo showing Phalloidin (green, single channel B’), anti-Stripe (magenta, 
single channel B’”), and phospho-tyrosine (white, single channel B’’’). Arrows indicate 
denticles failing to arise from the posterior edge. Similar results observed with wgI-17, not 
shown. (C) Cuticle preparation of ptcIN/Df(ptc) mutant embryo. Numbers indicate 
duplicated columns. Note that the symmetry is irregular since some indeterminate 
denticle types were present. (D) ptcIN/Df(ptc) embryo showing Phalloidin (green, single 
channel D’), anti-Stripe (magenta, single channel D’’), and phospho-tyrosine (white, 
single channel D’’’). Arrows indicate denticles failing to arise from the posterior edge. 
Scale bar equals 20 um in all panels.  
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FIGURE 2-5: 
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FIGURE 2-5: stripe specifies denticle density.  
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(A) View of roughly one wild-type (sr3999/+) parasegment showing Phalloidin (green, 
single channel A’) with anti-pTyrosine to label cell outlines (magenta, single channel A’’). 
Note that cells produce more than one denticle per cell. (B) sr3999 mutant parasegment 
showing Phalloidin (green, single channel B’) with anti-pTyrosine to label cell outlines 
(magenta, single channel B’’). (C) Quantification of denticle number per cell in columns 1 
- 5 in sr3999/+, sr3999, and En::sr embryos. Scale bar equals 20 µm.  
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FIGURE 2-6:  
  
FIGURE 2-6: Muscle attachment is not required for denticle hook orientation. 
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(A) mys1 cuticle, exhibiting proper hook orientation (compare to Fig 2-2B). (B) 
Quantification of denticle hook orientation in Tub::sr.  (C) Wild-type stage 16 embryo, 
showing Stripe-B (magenta; single channel, C’) and Stripe-A (green; single channel, C”). 
Both Stripe isoforms are localized to EMA cells. (D) mys1 embryo, showing Stripe-B 
(magenta; single channel, D’) and Stripe-A (green; single channel, D”). Note loss of 
Stripe-A. (E) Tub::srB, showing Stripe-B (green; single channel, E’) and Stripe-A 
(magenta; single channel, E”). Although the Stripe-B pattern is drastically altered, Stripe-
A remains wild-type. Scale bar equals 10 µm in (A); and 20 µm in (C, D, E). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TABLE 2-1: Average denticle density per column.  
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Star (*) indicates statistically significant change as compared to wild-type. (p < 0.01) 
Column sr3999/+ sr3999 En::sr 
1 2.375 2.43 1.39* 
2 1.36 2.26* 1.38 
3 1.87 1.79 1.76 
4 1.61 1.7 1.61 
5 1 1.64* 1.13 
 
 
 
TABLE 2-2: Column three hooking orientation is disrupted in stripe. 
 Posterior Anterior Ambiguous Incorrect 
sr3999/+ 0.97 0 0.029 ~3% 
sr3999 0.7 0.053 0.246 ~30% 
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 CHAPTER THREE: 
SHORTSTOP IS REQUIRED NON-AUTONOMOUSLY AND 
INTRINSICALLY FOR DENTICLE HOOKING2 
 
ABSTRACT 
Spectraplakins are extremely large cytoskeletal proteins demonstrated to interact 
with actin filaments, microtubules, and intermediate filaments (reviewed in Brown, 2008). 
As such, they are generally thought to function by linking cytoskeletal filaments to one 
another. This is especially important in tissues undergoing cytoskeletal rearrangement or 
forming specialized cytoskeletal structures, where spectraplakins are proposed to foster 
cytoskeletal coordination between networks. 
In late embryogenesis, certain Drosophila embryonic epidermal cells construct 
apical actin-based protrusions, called denticles. Denticles, like other types of actin-based 
protrusions, are elaborately shaped, a process that requires coordination between the 
actin and microtubule cytoskeletons, as well as coordination between the cytoskeleton 
and secretory machinery (Dickinson, 1997; Price et al., 2006). Here, we show that the 
spectraplakin shortstop (shot) is required for this process at multiple steps. Shot is 
required both cell autonomously and cell non-autonomously, and functions with the 
microtubule cytoskeleton in both intrinsic and non-autonomous roles. Finally, as shot is a 
stripe target, this suggests a mechanism by which stripe acts to shape denticles (see 
Chapter Two).  
 
                                                        2 Portions of this chapter were published as Dilks, S. A., DiNardo, S. (2010). Non‐Autonomous Control of Denticle Diversity in the Drosophila Embryo. Development, 
in press. 
 98 
 
MATERIALS AND METHODS 
 
DROSOPHILA STRAINS 
We analyzed null mutations for sr: sr155 (FBal0032779), as well as hypomorphs for sr 
and shot: sr3999 (FBal0009498), shot3 (FBal0051150). Deficiencies uncovering shot were 
Df(2R)Exel7128 (FBab0038035) and Df(2R)383BSC (FBab0045182). All stocks were 
balanced over TM6 Hu P{w+ Ubi-GFP}, CyO P{w+ Kr-Gal4} P{w+ UAS-GFP}, or FM7 B 
P{w+ Kr-Gal4} P{w+ UAS-GFP}  for cuticle analysis. P{w+; Ptc-GAL4}, P{w+; En-GAL4}, 
P{w+; Tub-GAL4}, P{w+; Act5c-GAL4}, P{UAS: LacZ-cyto}, P{UAS: LacZ-nls}, P{UAS-
dcr2}, shot3 and the deficiencies uncovering shot were from the Bloomington stock 
center; P{w+ UAS-EFhand-GAS2-GFP}, P{w+: UAS-srB}, and P{w+; UAS-dsshot} were 
from T. Volk (Dorfman et al., 2002; Volohonsky et al., 2007); P{w+; UAS:spastin} was 
from K. Zinn (Sherwood et al., 2004); P{w+ UAS-ShotL(A)} was from P. Kolodziej (Lee 
and Kolodziej, 2002a).  
 
CUTICLE PREPARATION AND IMMUNOHISTOCHEMISTRY 
Embryos were collected on apple agar plates, aged, and either processed to visualize 
cuticle pattern by phase-contrast microscopy (van der Meer, 1977), or fixed and 
processed for immunofluorescence. In most cases, embryos were genotyped using a 
fluorescent stereomicroscope. In most cases, embryos were processed for 
immunofluorescence using a high concentration–short fixation, where dechorionated 
embryos were rocked in vials containing a 1:1 mixture of heptane and 37% 
formaldehyde for 5-7 min (Teodoro and O'Farrell, 2003). Embryos were then pipetted 
onto a glass slide, picked up on double stick tape affixed to a cover slip, placed in a 
watch glass and covered with PBS. To preserve Phalloidin binding to F-actin, a needle 
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was used to poke the embryos out of their vitelline membranes. Fixation for anti-Shot 
and anti-Arm involved a short heating step where dechorionated embryos were 
immersed in a hot Triton X-100 (0.03%)–NaCl (0.4%) solution (E-Wash) and then quickly 
cooled by addition of excess chilled E-Wash. Vitelline membranes were removed by 
shaking the embryos vigorously in a mixture of heptane and methanol (1:1). This fixation 
procedure appears to highlight the localization of proteins such as Armadillo at the 
zonula adherens at the expense of other cellular pools (Muller et al., 1999).  
 
ANTIBODIES USED 
The following antibodies (and dilutions) were used for 2 hours at room temperature or 
overnight at 4oC: guinea pig anti-Stripe and rat anti-Stripe A (1:500, gifts from Talila 
Volk), mouse anti-Shot (1:10, DSHB), mouse anti-phosphorylated Tyrosine (1:500, 
Molecular Probes), rat anti-Filamin (N- and C- term, 1:4000, a gift from Lynn Cooley), 
rabbit anti-Armadillo (1:200 in PBTx, a gift from Eric Wieschaus), rat anti-DECadherin 
(1:20, DSHB), mouse anti-Coracle (1:500, DSHB), rabbit anti-LacZ (1:2000, Abcam) and 
mouse anti-Beta Tubulin (1:10, DSHB). Secondary antibodies, used at 1:400 for 1 hour, 
were conjugated to Alexa™(Molecular Probes) or Cy3 and Cy5 dyes (Jackson Labs). 
Dye-coupled phalloidin was used at 1:200 (Alexa-488, Alexa-568 or Rhodamine 
coupled, Molecular Probes). Stained embryos were mounted in Prolong Gold (Molecular 
Probes), and images were obtained using structured illumination (Zeiss Apotome) and 
assembled in Adobe Photoshop. 
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QUANTIFICATION 
To quantify denticle hook orientation, cuticles were prepared and visualized using 
standard phase-contrast microscopy. Each scorable denticle in the column of interest 
was manually tallied as either hooking towards the anterior, posterior, or 
ambiguous/unhooked. Whenever possible, segments A3 – A7 were scored in each 
embryo. Data was gathered from multiple segments of multiple animals and was 
complied in Excel. For all genotypes, more than 100 individual denticles from at least 5 
embryos were scored for quantification.  
 
 
SHOT DSRNA 
Females expressing both UAS:dsshot and UAS:dicer (to strengthen the RNAi 
phenotype) were crossed to males expressing either Act5C:GAL4 or Ptc:GAL4. As 
UAS:dsshot is on the X chromosome, half of the progeny should express dsshot in the 
ectopic pattern. Although we could not unambiguously genotype these embryos, roughly 
half (18 out of 46) of the embryos produced from this cross exhibited a pattern which 
deviated from the wild-type – we assumed these to be the mutant class and scored 
these embryos for hook orientation as previously described. In embryos stained in 
parallel, column-selective knockdown of Shot was observed (Fig 3-6). 
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INTRODUCTION 
Once tendon cells are specified, they become structurally reinforced by a 
specialized array of apical-to-basal microtubules and actin filaments (Prokop et al., 1998; 
Subramanian et al., 2003). For the cell to withstand the force of muscle contraction, 
tendon cells must stably attach this cytoskeletal array to the extracellular matrix at both 
their apical and basal surfaces. At their basal surface, this is accomplished via integrin-
mediated attachments with the extracellular matrix, while Zona Pellucida (ZP) proteins 
are required for apical attachment to the cuticle (Gregory and Brown, 1998; Bokol et al., 
2005). The cytolinker protein Shortstop (Shot) is thought to be required for both of these 
attachments (Lee et al., 2007; Subramanian et al., 2003), and is a downstream 
transcriptional target of stripe, the master regulator of tendon cell fate (see Chapter Two; 
Becker et al., 1997; Roper and Brown, 2003).  
As denticle hook orientation reverses in cells immediately adjacent to muscle 
attachment sites, we suspect that tendon cells may play some role in anterior hooking. 
Here, we demonstrate that the Shot is required in the tendon cell to specify anterior hook 
orientation in neighboring cells.  
However, Shot is present in multiple isoforms in this epidermis, and only one 
Shot isoform (Shot L(A) is known to be upregulated in response to stripe (Gregory and 
Brown, 1998; Roper and Brown, 2003). Full-length and other long Shot isoforms are 
ubiquitiously expressed in the epidermis from an early embryonic stage, and are 
required to maintain epithelial integrity (Roper and Brown, 2003). While the presence of 
multiple, distinctly regulated Shot isoforms makes assigning function to a specific 
isoform difficult, we show that at least some of these longer isoforms function in denticle 
hooking as well. 
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RESULTS 
shot is required for denticle hook orientation.   
As stripe is a transcription factor, we wondered if any known stripe-induced 
genes might function in denticle hooking. One such target, shortstop (shot), was of 
particular interest due to its ability to organize cytoskeletal networks. To test whether 
shot was involved in denticle hook orientation, we examined embryos deficient for shot. 
The shot3 allele has been suggested to be an amorph with respect to axon extension, 
though a small percent of characterized axons exhibit normal trajectory (Lee et al., 
2000). However, in the epidermis, we detected residual Shot protein in tendon cells from 
shot3 embryos (Fig 3-1A,B; see also Roper and Brown, 2003). Thus, to definitively 
deplete Shot, we produced embryos containing a heteroallelic combination of 
molecularly mapped deletions that uncover the shot locus (Fig 3-1E). We could not 
detect Shot protein in the tendon cells of these embryos (Fig 3-1C,D). Such embryos 
exhibited a range of denticle phenotypes, from general shape and organization defects 
(Fig 3-2C) to a more specific hooking defect where 62% of column one denticles and 
75% of column four denticles exhibited incorrect hook orientation (Fig 3-2B,D), quite 
reminiscent of the stripe mutant phenotype (Fig 2-2C).  
As shot is not the only gene uncovered by the heteroallelic deficiency, we wished 
to confirm that the phenotype observed was in fact due to the loss of Shot. Thus, we 
expressed dsRNA to shot using the general driver Act5c:Gal4. In these embryos, we 
saw strong phenotypes very reminiscent of the deficiency phenotype, including defects 
in organization and hooking orientation (Fig 3-2E). We conclude that shot has a general 
role in epithelial organization (Roper and Brown, 2003) and acts in hooking orientation 
as well. The variable expressivity of the shot phenotype has been observed previously 
(Gregory and Brown, 1998; Lee et al., 2000), and suggests that there exist other 
protein(s) partially redundant with Shot. 
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Consistent with this, restoring the stripe-dependent isoform of shot (shotL(A)-
GFP; Lee and Kolodziej, 2002a) to column two is not sufficient to rescue the hooking 
defects of stripe mutants (Fig 3-3). This suggests the existence of other stripe target(s) 
relevant to denticle hook orientation. 
 
Shot is enriched in denticles and across certain cell interfaces. 
To further understand the denticle phenotypes, we re-investigated the 
accumulation of Shot protein within denticle field cells, focusing apically, where the actin-
based protrusions arise. As previously shown, in stage 14-15 embryos Shot was 
detectable in all epidermal cells, and enriched in tendon cells (Fig 3-4A; Gregory and 
Brown, 1998; Roper and Brown, 2003; Strumpf and Volk, 1998). We also observed Shot 
puncta that co-localized with Filamin, an actin-associated protein enriched in protrusions 
(Fig 3-4A).  
While Shot was heavily enriched within the tendon cells as expected, Shot 
exhibited an additional component not previously appreciated. Apically, at stage 15, 
using anti-Armadillo to label adherens junctions, we observed Shot protein not only in 
column two cells, but also along the posterior of column one cells, leading to apparent 
accumulation along both sides of the column one/two cell interface (Fig 3-4B). We 
observed identical accumulation at the posterior of column four cells (Fig 3-4B). Artifacts 
of imaging or cell architecture were ruled out, as expression of LacZ in the cytoplasm of 
column two cells was imaged solely within those cells (Fig 3-5A). Thus, Shot specifically 
accumulated along the posterior interface within column one and four cells, abutting the 
Stripe-expressing column two and five cells. Interestingly, these are the same two 
interfaces along which denticles reverse their hook orientation, suggesting a correlation 
between the two occurrences.  
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In older embryos, Shot protein became anteriorly enriched in column two and five 
cells. While cuticle deposition prevents visualization of cell outline markers at this stage, 
Shot was enriched anterior to tendon cell nuclei (Fig 3-4C), which themselves are 
centrally positioned within the cells (Fig 3-5B,C). This anterior bias was specific to the 
denticle field cells, as Shot accumulated on either side of nuclei within smooth field cells 
(Fig 3-4C). As MACF can localize, stabilize, and bundle microtubules, it is possible that 
this enrichment reflects a specialized cytoskeletal complex at the anterior interface of 
column two and five cells (Leung et al., 1999; Roper et al., 2002; Sanchez-Soriano). 
 
Shot functions non-autonomously in denticle hooking 
Although Shot is upregulated in response to stripe in the tendon cells, Shot is 
also present at lower levels throughout the epidermis and accumulates within the 
denticle itself (Fig 3-4; Gregory and Brown, 1998; Roper and Brown, 2003). To 
determine which pool of Shot is required for denticle hooking orientation, we asked 
whether interfering with Shot function in cell column two could cause a non-autonomous 
phenotype in column one. First, we expressed dsRNA to shot under control of Ptc:Gal4, 
which significantly reduced the level of Shot protein in cell column two (Fig 3-6A). We 
also interfered with Shot by using a dominant-negative Shot construct, UAS:shot-EGG. 
This construct contains the EF-hand and microtubule-binding GAS2 domains of Shot 
(Fig 3-6H, boxed region) fused to GFP (Gregory and Brown, 1998; Subramanian et al., 
2003). UAS:shot-EGG localizes to microtubules in tendon cells and presumably 
functions by blocking the interactions of all Shot isoforms with microtubules 
(Subramanian et al., 2003).   
Remarkably, both Ptc::dsshot and Ptc:shot-EGG embryos displayed non-
autonomous denticle hook orientation defects in column one (Fig 3-6B,C,D,F,G). In 
addition, embryos depleted for Shot also exhibited gaps between column one denticles 
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(Fig 3-6C, see M&M). Taken together, the stripe-dependent upregulation and 
accumulation of Shot across the column one/two (and four/five) boundaries is suggestive 
of the non-autonomous requirement for Shot in denticle hook orientation. Furthermore, 
these results are consistent with a role for stripe-dependent shot in non-autonomous 
anterior hooking. 
We turned next to the ubiquitously expressed pool of Shot, which accumulates 
along the actin-based protrusions and at the posterior boundary of column one, and 
asked whether Shot might also play an intrinsic role in denticle shaping. To test this, we 
expressed UAS:shot-EGG under control of En:Gal4, which expresses strongly in cell 
column one. In these embryos, about 65% of column one denticles exhibited a defect in 
anterior hooking, along with appearing poorly shaped and aligned (Fig 3-6E,G). Thus, 
we conclude that Shot is intrinsically required for denticles to hook properly, and we 
hypothesize that this reflects a role for the ubiquitously expressed pool of Shot. Since 
the dominant-negative construct, which is thought to block the interaction of Shot with 
the microtubule cytoskeleton, generated hooking defects when expressed in either 
column two or in column one cells, we next tested wither microtubules acted in the non-
autonomous and/or intrinsic facets of denticle hooking.  
 
Shot is functioning with the microtubule cytoskeleton.  
 As globally disrupting microtubules would likely cause a severe phenotype, we 
disrupted microtubules in a column-specific manner via ectopically expressing spastin, a 
microtubule severing protein previously demonstrated to disrupt microtubules in 
Drosophila (Sherwood et al., 2004; Trotta et al., 2004).  
First, we expressed UAS:spastin under the control of En:Gal4 and confirmed that 
the construct was functioning properly by staining En::spastin embryos with antibodies to 
β-tubulin. As expected, microtubules were severely depleted specifically in En-
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expressing cells, including denticle column one, but were retained in other denticle 
columns (Fig 3-7A). When we examined En::spastin mutant cuticles, we observed a loss 
of column one denticle hooking, with about 60% of column one denticles failing to hook 
(Fig 3-7B,E). This data is consistent with the observation that late-stage protrusions 
contain microtubules at their base (Price et al., 2006). 
Next, we expressed UAS:spastin under control of Ptc:Gal4, depleting 
microtubules in cell column two (Fig 3-7C). Ptc::spastin mutant cuticles exhibited a non-
autonomous denticle orientation phenotype in cell column one (Fig 3-7D), with about 
44% of column one denticles affected (Fig 3-7E). Therefore, we conclude that 
microtubules are required both intrinsically for denticle hooking and in the non-cell 
autonomous specification of anterior hooking. Furthermore, these data are consistent 
with our hypothesis that Shot is acting via the microtubule cytoskeleton to properly orient 
denticle hooks.  
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DISCUSSION 
Spectraplakins are required for denticle hooking.  
One stripe target we implicated is the spectraplakin, shot. We found that Shot 
acts intrinsically in denticle hooking, but is also important for the non-autonomous 
influence that one cell column exerts on the other. The phenotypic similarities between 
stripe and it target shot strongly suggest that shot acts as part of a non-autonomous, 
stripe-controlled circuit, rather than in some parallel pathway. In turn, this suggests that 
of the many Shot isoforms, the smaller, stripe-dependent isoform functions in the non-
autonomous circuit. In addition, although we found that muscle tension is not required for 
anterior denticle hooking (Fig 2-6), the involvement of Shot suggests that the non-
autonomous signal from tendon cells to the responding cells may still be mechanical in 
nature. To our knowledge, this is the first work to demonstrate a functional role for either 
spectraplakins or microtubules in the shaping of actin-based protrusions. 
 
shot is required intrinsically. 
Although Shot is required intrinsically for columns one and four to construct 
properly hooked denticles, there are two pools of Shot to consider here. Thus, we cannot 
differentiate whether Shot is required intrinsically to respond to stripe-dependent cues or 
for a separate structural purpose. Of course, these possibilities are not mutually 
exclusive, and it seems likely to us that Shot is intrinsically required at multiple steps. 
Shot, actin filaments and microtubules are all found within the protrusion (Price et 
al., 2006). Since Shot has the ability to bind both actin and microtubules simultaneously 
(Karakesisoglou et al., 2000; Lee and Kolodziej, 2002a; Leung et al., 1999), the intrinsic 
role of Shot might be to physically link these cytoskeletal networks within the protrusion 
itself (Fig 3-9). In addition, it was recently demonstrated that MACF possesses actin-
induced ATPase activity, hypothesized to move microtubules along actin filaments (Wu 
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et al., 2008). Thus, Shot could function within the protrusion by maintaining physical 
tension between the cytoskeletal networks. 
Conversely, as Shot is also enriched at the posterior cortex of the responding 
cells, this pool of Shot sits in close proximity to the denticles it influences (Fig 3-9). Thus, 
it is tempting to speculate that this pool of Shot is required to respond to the hooking 
cues given by the tendon cell. One unresolved issue is how Shot in column one 
becomes enriched along the one/two boundary. As Shot protein fails to localize to the 
posterior cortex of columns one and four in the absence of stripe (Fig 3-8), it is tempting 
to speculate that stripe-dependent Shot stabilizes intrinsic Shot at select column 
boundaries (Fig 3-9).  
 
Shot is required non-autonomously.  
While we demonstrate that Shot is required in tendon cells for denticles in the 
adjacent column to hook properly (Fig 3-6), the specific molecular requirement for Shot 
in the tendon cell remains to be determined.  
The column one/two and four/five interfaces are enriched for a number of 
cytoskeletal components (Simone and DiNardo, 2010; Walters et al., 2006), and late 
stage embryos show dramatic enrichment of Shot protein at these interfaces (Fig 3-4C). 
stripe does not control the special nature of these interfaces (R. Simone, S.DiNardo; 
personal communication) and raises the larger question of what initially differentiates 
these interfaces from other column boundaries. We speculate that the same signaling 
cues that initiate stripe expression (Hh and spi) may also be responsible for the 
specialization of the one/two and four/five interfaces, and serve to coordinate 
cytoskeletal enrichment, muscle attachment, and reversal of denticle hook orientation. 
As previously mentioned, we speculate that stripe-dependent Shot could be required to 
stabilize this enrichment along the one/two and four/five column boundaries.  
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Notably, in response to stripe, a specialized microtubule array is formed within 
the tendon cell that runs from the basal to apical cell surface (Becker et al., 1997; 
Gregory and Brown, 1998; Subramanian et al., 2003). Shot localizes along this array in 
two places - the basal cell surface, where the EMA junction will form, and the apical 
portion of the cell, where the microtubule array links to the cortical actin cytoskeleton 
(Gregory and Brown, 1998; Volk and VijayRaghavan, 1994). We do not know whether 
the apical-basal microtubule array is responsible for the localization of Shot, or whether 
this array is required for denticle hooking, although this would be consistent with the 
requirement we observed for microtubules (Fig 3-9). 
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FIGURE 3-1: 
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FIGURE 3-1: Shot accumulation in shot mutant and deficiency embryos.    
All panels show anti-Shot. (A) One parasegment of shot3/+ embryo. (B) One 
parasegment of shot3 mutant embryo. (A) and (B) are exposure matched. (C) One 
parasegment of Df/+ embryo. (D) One parasegment of Df(2R)383BSC /Df(2R)Exel 7128 
mutant embryo. (C) and (D) are exposure matched. (E) Schematic of shot genomic 
region, including its transcription domain (blue), limits of deletion lines (red), and 
annotated genes 3' to Shot (green). Scale bar equals 20 µm. 
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FIGURE 3-2: 
 
FIGURE 3-2: shot is required for anterior denticle hooking. 
(A) Df/+ cuticle. (B) Df(2R)383BSC/ Df(2R)Exel7128 cuticle. Hooking defects are 
indicated by circles.  (C) Df(2R)383BSC/ Df(2R)Exel7128 cuticle. Note disorganization 
and hooking defects in all columns. (D) Quantification of hook orientation in Df/+ and 
Df/Df embryos. (E) Act5c::dsshot cuticle, exhibiting global disorganization and hooking 
defects. Scale bar equals 10 µm in all panels. 
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FIGURE 3-3:  
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FIGURE 3-3: Restoring shot does not rescue stripe.  
 All panels show cuticle preparations; arrows indicate columns with incorrect hook 
orientation. (A) Ptc:Gal4; sr3999/+ (B) Ptc:Gal4; sr3999 (C) UAS:shotL(A); sr3999/+ 
(D)UAS:shotL(A); sr3999 (E) UAS:shotL(A); Ptc:Gal4; sr3999/+ (F) UAS:shotL(A); Ptc:Gal4; 
sr3999. Scale bar equals 10 µm. 
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FIGURE 3-4: 
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FIGURE 3-4: Shot is enriched in denticles and across certain cell interfaces. 
 All embryos are wild-type. (A) Stage 15 embryo, showing colocalization of Shot (green; 
single channel, A’) with Filamin (magenta; single channel, A”), a marker of actin-based 
protrusions. Co-localization was detectable from the onset of actin-based protrusion 
formation. (A’’’) Magnification of A. (B) Stage 16 embryo, showing Shot (magenta; single 
channel, B”) and Armadillo (green; single channel, B”). White line marks anterior 
boundary of tendon cells. Note Shot accumulation on anterior side (left) of cell boundary. 
(B’’’) Magnification of B. (C) Stage 17 embryo, showing Shot (green; single channel, C’) 
and Stripe (magenta; single channel, C”). Note Shot protein enriched anterior to tendon 
cell nuclei in the denticle field but not in the smooth field (arrow). (C’’’) Magnification of 
C. Scale bar equals 20 µm; 5 µm in magnifications. 
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FIGURE 3-5: 
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FIGURE 3-5: Architecture of column two cells and nuclear position.  
 (A) View of roughly two parasegments of Ptc:Gal4; UAS: LacZ embryo showing anti-
LacZ (green, single channel A’) and DE-Cadherin to label cell outlines (magenta, single 
channel A’’). Ptc is not expressed in column one cells; note that expression in column 
two cells does not lead to any accumulation along the posterior of the column one cell.  
(A’’’) Magnification of box in A. (B) View of roughly two parasegments showing anti-
Stripe (magenta, single channel B’) and anti-Coracle to label lateral cell outlines 
(magenta, single channel B’’). (C) View of roughly two parasegments of Ptc:Gal4; UAS: 
LacZ-nls embryo showing anti-LacZ (green, single channel C’) and DE-Cadherin to label 
cell outlines at the adherens junctions  (magenta, single channel C’’). One column 2 
nucleus is boxed. Note that in a face-on view nuclei are centered within the cell. (C’’’) A 
"z" section, showing that the nucleus of a column 2 cell lies just basal to the adherens 
junction (green; arrows). Scale bar equals 20 µm; 5 µm in magnification. 
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FIGURE 3-6: 
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FIGURE 3-6: shot is required non-autonomously.  
(A) Ptc::dsshot embryo, showing Stripe (magenta; single channel, A’) and Shot (green; 
single channel, A”). Note strong reduction of Shot in column 2, but not column 5 
(compare to 3-4C). Ptc also drives in the smooth field, and likely accounts for slight 
decrease of Shot in "S" column. (B) Ptc::dsshot cuticle, showing hooking defects in 
column 1 (circles).  (C) Ptc::dsshot cuticle, showing hooking defects and a gap in column 
1. (D) Quantification of column 1 hook orientation in Ptc::dsshot. (E) En::shot-EGG  
cuticle, showing hooking defects in column 1 (circles). (F) Ptc::shot-EGG cuticle, 
showing hooking defects in column 1 (circles). Some hooking defects are also observed 
in column 4; likely due to Ptc driving shot-EGG in column 4 cells. (G) Quantification of 
column 1 hook orientation in En::shot-EGG and Ptc::shot-EGG. (H) Schematic of Shot; 
boxed regions are included in shot-EGG construct. Scale bar equals 20 µm in (A); 10µm 
in (B, C, E, F). 
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FIGURE 3-7:  
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FIGURE 3-7: Shot is functioning with the microtubule cytoskeleton. 
(A) En:spastin embryo, showing Phalloidin (magenta; to label actin) and β-Tubulin 
(green). Note depletion of MTs in column 1. (B) En::spastin cuticle. Note column 1 
hooking defects, indicated by circles. (C) Ptc:spastin embryo, showing Phalloidin 
(magenta; to label actin) and β-Tubulin (green). Note depletion of MTs in column 2. (D) 
Ptc::spastin cuticle. Note column 1 hooking defects indicated by circles. It appeared that 
column 2 was also affected in these embryos, but this was difficult to score as column 2 
exhibits only weak hooks. (E) Quantification of column 1 hook orientation in En::spastin 
and Ptc::spastin. Similar results observed by expressing UAS: katanin60, not shown. 
Scale bar equals 10 µm in (B, D); 20 µm in (A, C). 
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FIGURE 3-8: 
 
 
FIGURE 3-8: stripe is required for column one Shot accumulation. 
 (A) Stage 16 sr3999 embryo, showing Shot (magenta; single channel, A’) and Armadillo 
(green; single channel, A”). Shot is visible in denticles, but does not accumulate along 
the posterior boundary of column 1 or 4. (A’’’) Magnification of A, compare to Fig 3-4B’’’. 
Scale bar equals 20 µm; 5 µm in magnification. 
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FIGURE 3-9: 
 
 
FIGURE 3-9: Model of denticle hook orientation. 
Model of denticle hook orientation via stripe and shot (see text). Attachments to muscle 
and exoskeleton are not depicted.  
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CHAPTER FOUR: 
ROLES FOR F-ACTIN AND NON-MUSCLE MYOSINS 
  IN DENTICLE FORMATION 
 
 
ABSTRACT 
 
Since morphogenesis often requires dynamic cytoskeletal rearrangements, the 
ability of cells to coordinate actin, myosin and microtubules is vital for this process. 
Although cytoskeletal coordination has been studied extensively in migrating and 
cultured cells, cooperative organization is also required in living epithelia for cell 
polarization, targeted secretion, and as we now show, shaping of actin-based 
protrusions. In fact, many actin-based protrusions, such as vertebrate stereocilia and 
Drosophila sensory bristles, have distinct, elaborate shapes. Although properly shaped 
protrusions are often essential for tissue function, how these shapes are created, and 
the cytoskeletal components that execute shape, is not well understood. Here, we report 
that actin crosslinkers and non-muscle myosins are both required for proper denticle 
shape. 
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MATERIALS AND METHODS 
 
 
DROSOPHILA STRAINS 
We analyzed presumptive null mutations for ck, f, svb, sn, and zip: ck13 (FBal0001693), 
f36a (FBal0003950), ovosvb1 (FBal0013437), sn3 (FBal0015773), sn2 (FBal0015771), zip1 
(FBal0018862) and zip2 (FBal0018863), as well as a hypomorph for ck: ck07130 
(FBal0008515). All stocks were balanced over TM6 Hu P{w+ Ubi-GFP}, CyO P{w+ Kr-
Gal4} P{w+ UAS-GFP}, or FM7 B P{w+ Kr-Gal4} P{w+ UAS-GFP}  for cuticle analysis. 
All stocks were from the Bloomington stock center.  
 
CUTICLE PREPARATION, IMMUNOHISTOCHEMISTRY and IN SITU HYBRIDIZATION 
Embryos were collected on apple agar plates, aged, and either processed to visualize 
cuticle pattern by phase-contrast microscopy (van der Meer, 1977), or fixed and 
processed for immunofluorescence or in situ hybridization, as described previously 
(Hatini and DiNardo, 2001). In most cases, embryos were genotyped using a fluorescent 
stereomicroscope.  
 
In most cases, embryos were processed for immunofluorescence using a high 
concentration–short fixation, where dechorionated embryos were rocked in vials 
containing a 1:1 mixture of heptane and 37% formaldehyde for 5-7 min (Teodoro and 
O'Farrell, 2003). Embryos were then pipetted onto a glass slide, picked up on double 
stick tape affixed to a cover slip, placed in a watch glass and covered with PBS. To 
preserve Phalloidin binding to F-actin, a needle was used to poke the embryos out of 
their vitelline membranes.  
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Digoxygenin- labeled probes for RNA in situ hybridization were made by standard 
procedures, using a Singed cDNA (RH62992; DGRC) or Quail cDNA (RE36860; DGRC) 
in PFLC1. The RNA in situs used digoxygenin-labeled RNA probes and were visualized 
by alkaline phosphatase.  
 
ANTIBODIES USED 
The following antibodies (and dilutions) were used for 2 hours at room temperature or 
overnight at 4oC: mouse anti-Singed (1:20, a gift from L. Cooley), rabbit anti-Fascin 
(1:500) and rabbit anti-Forked (1:1000, gifts from G. Guild), rabbit anti-Forked (1:500, a 
gift from N. Petersen), rabbit anti-Diaphanous (1:500, a gift from S. Wasserman), mouse 
anti-Enabled (1:500, DSHB), guinea pig anti-Crinkled (1:400, a gift from D. Godt), mouse 
anti-phosphorylated Tyrosine (1:500, Molecular Probes). Secondary antibodies, used at 
1:400 for 1 hour, were conjugated to Alexa™(Molecular Probes) or Cy3 and Cy5 dyes 
(Jackson Labs). Dye-coupled Phalloidin was used at 1:200 (Alexa-488, Alexa-568 or 
Rhodamine coupled, Molecular Probes). Stained embryos were mounted in Prolong 
Gold (Molecular Probes), and images were obtained using structured illumination (Zeiss 
Apotome) and assembled in Adobe Photoshop. 
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INTRODUCTION 
Drosophila denticles are initially formed by progressive condensation of actin 
(Walters, 2006; Price, 2006). Once formed, the actin-based protrusions (ABPs) deform 
the cellular membrane and then serve as a scaffold during cuticle secretion. As such, it 
may not be surprising that a number of actin binding proteins are involved in denticle 
formation. Specifically, loss-of-function mutants for the actin crosslinkers singed (sn) and 
forked show denticle defects (Dickinson and Thatcher). However, these mutants have 
not been well characterized, and it is unknown whether other crosslinkers might also be 
involved. Surprisingly, no roles have yet been identified for the actin crosslinking protein 
Quail. 
In addition, there is some evidence that certain non-muscle myosins may be 
required for actin-based protrusion formation, although potential functions for these 
proteins are much less clear. Myosin II, specifically, has been demonstrated to exhibit 
denticle defects, although the mechanism has never been explored (Walters et al., 
2006). Also, the unconventional myosins Myo 1c, Myo VIIa and Myo XV are required for 
the shaping of vertebrate stereocilia, actin-based protrusions in the inner ear (Boeda B, 
2002; Gibson F, 1995; Holt JR; Phillips KR; Wang and Morell, 1998; Weil D and Mburu 
P, 1995). Both Myosin VIIa and Myo XV are required to transport molecules up the 
length of stereocilia, and loss of either gene results in profound deafness (Belyantseva, 
2005; Senften M, 2006; recently reviewed in Muller).  
Here, we examine potential requirements for these genes in denticle formation 
and shaping, as well as make initial attempts to learn the specific roles (if any) these 
proteins may play. 
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RESULTS 
 
singed and forked are required for properly shaped denticles.3 
 To determine whether the actin crosslinkers Singed and Forked are required for 
denticle formation, we examined sn and forked mutant embryos. In contrast to the wild-
type, mutant embryos exhibited misshapen denticles (Fig 4-1A,B,C). However, the 
mutant phenotypes of sn and forked differed. forked mutant denticles exhibited a weak 
and floppy appearance, with relatively wild-type bases and a failure to hook at the 
denticle tip (Fig 4-1B). In contrast, sn mutant denticles appeared more robust at the tips, 
but with smaller bases (Fig 4-1C).  
To determine whether loss of both forked and singed would prevent denticle 
formation completely, we also examined a forked; sn double mutant embryo. Although 
the denticles produced by the double mutant were more severely disrupted than in the 
single mutant cases, denticles were still formed (Fig 4-1D). This data is consistent with 
that reported for Drosophila bristles, which can still form in the absence of crosslinkers. 
This has been attributed to the function of microtubules, which also appear enriched at 
the base of denticles during elongation (Price et al., 2006; Tilney, 1998).  
 
Singed and Forked localize to ABPs.1 
While both Singed and Forked are enriched in the denticle field as compared to 
the smooth field, the two crosslinkers have distinct localization patterns within the 
protrusion. Forked accumulates on both early- and late-stage denticles, and is enriched 
at denticle tips (Fig 4-2B). The amount of Forked at denticle tips roughly correlates with                                                         3 Similar data was reported in Dickinson, W. J. and Thatcher, J. W. (1997). Morphogenesis of denticles and hairs in Drosophila embryos: involvement of actin‐associated proteins that also affect adult structures. Cell Motil Cytoskeleton 38, 9‐21.  
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the height of the denticle, such that columns two, four and five label the brightest while 
columns six and seven show little or no labeling (Fig 4-2B).  Singed is also enriched 
along the length of the protrusion, but seems to accumulate around the base and lower 
portion of the denticle, in addition to exhibiting general epidermal accumulation (Fig 4-
2D).  
The observed localization patterns of Forked (at the tip) and Singed (at the base) 
are consistent with the loss-of-function mutant phenotypes (Fig 4-1). That Forked and Sn 
show denticle field enrichment, as well as distinct localization patterns, is consistent with 
the hypothesis that actin crosslinkers are important for denticle formation, and that 
crosslinkers could participate in the column-specific differences in size and shape across 
the denticle field. 
In stark contrast to Sn and F, Quail protein is absent from the denticle field, and 
is restricted to the lateral and dorsal epidermis, where it appears to be enriched in dorsal 
hairs (Fig 4-2C). This strongly suggests that it does not function in denticle formation.  
 
shavenbaby is required for expression of singed and quail.4 
Since shavenbaby (svb) is necessary and sufficient for denticle formation (Payre 
et al.), it seems likely that svb regulates proteins involved in denticle production. To 
determine whether svb is necessary for crosslinker expression, we performed in situ 
hybridizations to crosslinkers in both wild-type and svb mutant embryos. We found that 
both sn and qua are zygotically expressed in a striped pattern reminiscent to the pattern 
of svb expression (Fig 4-3A,C,E). However, expression of quail was restricted to the 
dorsal and lateral epidermis and absent ventrally (Fig 4-3E). In loss-of-function svb 
mutants, we observed a dramatic loss of both sn (Fig 4-3D) and qua (Fig 4-3G). These                                                         4 Similar data was reported in Chanut­Delalande, H., Fernandes, I., Roch, F., 
Payre, F. and Plaza, S. (2006). Shavenbaby couples patterning to epidermal cell shape control. PLoS Biol 4, e290. 
 135 
results indicate that svb is necessary for the expression of both sn and qua, and is 
consistent with the hypothesis that svb regulates actin crosslinkers.  
 
zipper mutants mislocalize Forked.5 
 Non-muscle Myosin II (coded by the zipper locus) is required in the ventral 
epidermis for convergent-extension movement, planar cell polarity, epidermal integrity 
and denticle shaping (Bertet, 2009; Bertet, 2004; da Silva SM; Fernandez-Gonzalez R, 
2009; Quintin, 2008; Walters et al.). While the role for Myosin II contractility in these 
processes has been studied, it is still unclear why zip mutants exhibit misshapen 
denticles. 
 zip mutants exhibit a range of denticle phenotypes, from moderate defects in 
hook orientation (Fig 4-4B) to an overall loss of denticle shape and epidermal polarity 
(Fig 4-4C; also reported in Walters et al.). Moderately affected embryos produce 
denticles that appear weak and floppy at the tips, and appear to be unable to hook.  
Interestingly, the denticles produced by a moderately affected zip mutant 
resemble those of forked mutants (compare Fig 4-4B with Fig 4-1B), and denticles 
produced by severely affected zip mutants resemble those of the forked; singed double 
mutant (compare Fig 4-4C with Fig 4-1D). In addition, we found that Forked protein, 
rather than being restricted to denticle tips, was present along the length of the denticle 
and in the cell cytoplasm in zip mutant embryos (compare Fig 4-5C,D).  This is in 
contrast to other actin-binding proteins, such as Diaphanous, Enabled, and Singed, 
which retain wild-type localization patterns in zip (Fig 4-5A,B,C). Although much follow 
up work is needed, from this data we hypothesize that the primary defect in zip mutants 
                                                        5 Similar data was also reported in Walters, J. W., Dilks, S. A. and DiNardo, S. (2006). Planar polarization of the denticle field in the Drosophila embryo: roles for Myosin II (zipper) and fringe. Dev Biol 297, 323‐39. 
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could be the inability to localize or recruit Forked to denticle tips. As Forked and Singed 
are required sequentially in Drosophila bristles, it seems reasonable to hypothesize that 
without proper Forked function, Singed function may be impaired as well (Fig 4-2A; 
DeRosier; Tilney). 
 
crinkled is required for properly shaped denticles. 
 As Myosin VIIA is involved in stereocilium formation (Gibson F, 1995; Weil D and 
Mburu P, 1995), we wondered whether crinkled (ck), the Drosophila Myo VIIa 
homologue, might also play a role in forming actin-based protrusions in the embryo. 
Indeed, when we examined loss-of-function ck mutant embryos, we observed obvious 
disorganization of the dorsal hairs (Fig 4-6B,D). Along with appearing generally 
disorganized, we often noticed clumps of hairs that appeared to be joined at the base, a 
feature not observed in the wild-type. 
 In addition to dorsal hair defects, we observed more mild defects in the ventral 
denticles (Fig 4-6A,C). To our eye, ck mutant denticles appeared smaller and less well 
shaped than wild-type, which was particularly noticeable at the denticle base. Where 
wild-type denticles exhibited a wide base which tapered to a hook, denticles produced by 
ck mutant embryos were thinner at the base and did not exhibit an obvious taper (Fig 4-
6C). 
 
Crinkled localizes to denticle bases. 
 For additional insight into the ck mutant denticle phenotype, we revealed Ck 
protein localization in wild-type embryos. We found that Ck was highly enriched at 
denticle bases, with small puncta of Ck protein along the length of the denticle (Fig 4-7).  
 The enrichment of Ck at denticle bases is consistent with the observation that 
denticles produced by ck mutant embryos exhibit smaller, thinner bases. In addition, the 
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Ck puncta we observed were quite reminiscent of the Myo VIIa puncta localized along 
stereocilia (Belyantseva). In that case, Myo VIIa is thought to carry a cargo from the 
stereocilia bases to the tips, and it is possible Ck could be playing a similar role here.  
 
Actin alone cannot account for denticle shape. 
 Although denticles display beautiful shape and organization at the level of the 
cuticle, we have never been able to observe this at the level of F-actin itself. When the 
denticles are stained with Phalloidin they appear as bilaterally symmetric triangles, 
rather than exhibiting the characteristic hooking shape (Fig 4-8A,B,C). This led us to 
wonder whether we could ever observe the hook shape prefigured in the F-actin. 
 As cuticle deposition prevents the use of antibodies at later stages, we took 
advantage of the sGMCA moesin-GFP fly line. This strain expresses the actin-binding 
domain of moesin, fused to GFP, which allows visualization of actin in live embryos and 
without antibody stain (Kiehart, 2000). When we looked at late stage 17 embryos, we still 
could not consistently find any indication that the actin itself was “bending” or “hooking” 
in the manner we observe at the level of the cuticle (not shown; see Price et al., 2006). 
This leads us to conclude that while the actin-based protrusions are required for denticle 
production, they cannot account for the full denticle shape as is etched in the cuticle. 
Additional mechanisms such as regulated cuticle secretion and/or regional actin-
membrane linkage must also be required. 
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DISCUSSION 
 Drosophila ventral denticles stand only a few microns high, but require 
sophisticated coordination of proteins and cytoskeletal systems to acquire their 
characteristic shape and hook. It has long been appreciated that denticles, as apical 
protrusions formed by parallel actin bundles, must require a host of actin binding and 
crosslinking proteins, and our data supports this conclusion. More surprising, however, is 
the requirement for non-muscle myosins in denticle formation. 
 Although we demonstrate that both Myo II (zipper) and Myo VIIa  (crinkled) are 
required for distinct aspects of denticle shape, it remains completely unclear what these 
proteins may be doing in this context. Some insight into the role of ck may be gained by 
studying Myo VIIa function in stereocilia. Both denticles and stereocilia are made from 
tightly packed actin bundles, and both are roughly the same height (~5 µm), which may 
suggest that denticles, like stereocilia, require that proteins be actively transported to 
denticle tips. Although myosins involved in stereocilium cargo transport are concentrated 
at stereocilia tips, we have never observed Ck protein enriched at denticle tips. 
However, while actin plus ends are concentrated at stereocilia tips (Tilney, 1992), it is 
unknown where the F-actin tips actually lie along the length of the denticle, so it is 
difficult to interpret the location of the Ck puncta.  
 In many ways, our inability to observe the F-actin filaments hooking within the 
denticle is expected. To our knowledge, there is no case where parallel bundled actin 
filaments have been reported to bend or hook. In fact, Drosophila bristles are thought to 
require small gaps between actin bundles to allow for their curved shape (Tilney, 2005). 
However, the final shape of denticles (and other ABPs) has been traditionally thought of 
as prefigured by F-actin deforming the apical membrane. This work calls this model into 
question, and suggests that the final elaborate shape of a denticle must require more 
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than just F-actin. Rather, it is likely that a combination of actin bundling, cytoskeleton-
membrane linkage and regulated cuticle secretion is required. 
 
 While this work was in progress, a paper from another laboratory published 
similar results, greatly expanded upon (Chanut-Delalande et al.). This work 
demonstrated that a number of genes involved in denticle formation were 
transcriptionally controlled by svb. In addition to actin remodeling proteins, this work also 
identified svb targets proposed to be involved in membrane-cuticle linkage, cuticle 
crosslinking and denticle pigmentation (Chanut-Delalande et al.). 
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FIGURE 4-1:  
 
 
 
 
FIGURE 4-1: Sn and F are required for properly shaped denticles. 
(A) Cuticle preparation of wild-type stage 17 embryo. (B) f36a mutant cuticle exhibiting 
weak, misshapen denticles in all columns. (C) sn3 mutant cuticle, exhibiting mild to 
moderate shaping defects in all columns (D) f36a; sn3 double mutant cuticle. These 
embryos exhibit severe defects in denticle shaping, but denticles are still produced. 
Scale bar equals 10 µm in all panels. Also reported in (Chanut-Delalande et al., 2006). 
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FIGURE 4-2: 
 
 
FIGURE 4-2: Singed and Forked localize to Actin-Based Protrusions. 
(A) Diagram of relative enrichment of Forked and Fascin (Singed) in a Drosophila 
neurosensory bristle. Forked acts before Fascin and is enriched in bristle tips. Modified 
from (Tilney). (B) Roughly two parasegments of a wild-type embryo showing anti-Forked 
(green) and Phalloidin (magenta, to label actin). Similar to bristles, Forked is enriched in 
tips of APBs. (C) Roughly two parasegments of a wild-type embryo showing anti-Villin 
(Quail, green) and Phalloidin (magenta, to label actin). Villin (Quail) is present in the 
lateral and dorsal regions, but not in the ventral denticles. (D) One parasegment of a 
wild-type embryo showing anti-Forked (green), anti-Singed (red) and Phalloidin (white, to 
label actin). While Forked is localized solely to ABPs, Singed is present within the 
cytoplasm and along the length of the denticle. Star (*) indicates macrophage present 
below the epidermis. Scale bar equals 30 µm in (B, C) and 20 µm in (D).  Also reported 
in (Chanut-Delalande et al., 2006).  
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FIGURE 4-3:
 
FIGURE 4-3: shavenbaby is required for expression of singed and quail. 
(A-C) Wild-type embryo, showing RNA in situ for singed. sn is expressed in stripes on 
the ventral epidermis, and also in the nerve chord (in C). (B) Magnification of (A). (D) 
ovosvb1 embryo, showing RNA in situ for singed. sn expression remains in the nerve 
chord but is lost in the ventral epidermis. (E) Wild-type embryo, showing RNA in situ for 
quail. qua is expressed in lateral stripes, but in the ventral epidermis, qua is restricted to 
the Sensory Organ Precursors (arrows). (F) Magnification of (E). (G) ovosvb1 embryo, 
showing RNA in situ for quail. qua expression is drastically reduced. Red line roughly 
denotes location of ventral midline. Scale bar equals 60 µm in (A,C,D,E,G) and 20 µm in 
(B, F). Also reported in (Chanut-Delalande et al., 2006).  
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FIGURE 4-4: 
 
FIGURE 4-4: zipper mutant cuticles. 
(A) Cuticle preparation of wild-type stage 17 embryo. (B-C) zip1 mutant cuticles exhibit a 
range of defects from moderate denticle shape defects (B) to severely twisted denticles 
and dramatic loss of tissue polarity and epidermal integrity (C). Similar results were also 
observed with zip2, not shown. Scale bar equals 10 µm all panels. Also reported in 
(Walters et al., 2006).               
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FIGURE 4-5: 
  
FIGURE 4-5: zip mutants mislocalize Forked.  
(A) Wild-type embryo showing co-localization of anti-Dia (green), Phalloidin (red, to label 
actin) and anti-phosphotyrosine (white). (B) zip1 mutant embryo showing co-localization 
of anti-Dia (green) and Phalloidin (red, to label actin), compare to (A). (C) zip1 mutant 
embryo showing co-localization of anti-Ena (green) and Phalloidin (red). (D) Wild-type 
embryo showing anti-Forked (green) and anti-Singed (red). Forked is localized at tip of 
protrusion. (E) zip1 mutant embryo showing anti-Forked (green) and anti-Singed (red). 
Forked is localized along the entire length of the protrusion, compare to (D). Scale bar 
equals 20 µm. 
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FIGURE 4-6: 
 
FIGURE 4-6: crinkled is required for properly shaped denticles. 
(A-B) Cuticle preparations of wild-type stage 17 embryo. A ventral view is shown in (A) 
and a dorsal view is shown in (B). (C-D) ck0713 mutant cuticles. A ventral view is shown in 
(C) and a dorsal view is shown in (D). ck mutants exhibit a strong phenotype in the 
dorsal hairs and a modest but reproducible defect in the ventral denticles. Scale bar 
equals 10 µm in all panels. 
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FIGURE 4-7: 
 
FIGURE 4-7: Crinkled localizes to denticle bases. 
(A) Wild-type embryo showing anti-Crinkled (green, single channel C) and Phalloidin 
(red, single channel B). Ck localizes to the bases of denticles. (D) Magnification of box in 
(A), showing small puncta of Ck along the protrusion. Scale bar equals 20 µm in (A-C) 
and 4 µm in (D). 
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FIGURE 4-8: 
  
FIGURE 4-8: Actin alone cannot account for denticle shape. 
(A-C) A series of embryonic parasegments from embryos of increasing age, showing 
Phalloidin (a marker of actin-based protrusions) and the cell outline marker phospho-
Tyrosine. Consistent hooking orientation is not observed in any case. (A) Early stage 15 
embryo, showing Phalloidin (green) and anti phospho-Tyrosine (magenta). (B) Late 
stage 15 embryo, showing Phalloidin (red) and anti phospho-Tyrosine (white). (C) Stage 
16 embryo, showing Phalloidin (red) and anti phospho-Tyrosine (white). We never see 
denticle hooking at the level of the actin-based protrusion.          
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 CHAPTER FIVE: 
SUMMARY AND SPECULATION 
SUMMARY 
 The results from this work illuminate a number of developmental principles with 
relevance outside of the Drosophila epidermis. In our lab, as well as others, denticle 
formation has served as a successful model for actin-based protrusion formation, planar 
cell polarity and cell fate specification (Alexandre et al., 1999; Price et al., 2006; Walters 
et al. 2005; Walters et al., 2006). In this work, we demonstrate that denticle formation 
can also serve to illuminate the fields of signal integration (Chapters Two and Three), 
spectraplakin function (Chapter Three), pattern organizers (Chapters Two and Three) 
and cytoskeletal coordination (Chapters Three and Four). In addition, by examining the 
phenomena of denticle density, this work expands on previous studies of actin bundling 
and coalescence (Chapters Two and Four). I will touch on each of these areas below, 
with the intent of summarizing what is known in the field, how my work expands upon 
this, and what questions remain.  
 
ACTIN-BASED PROTRUSION FORMATION 
 How actin-based protrusions (ABPs) are initiated remains an open biological 
question. Well-informed models have been put forth for filopodia formation, where actin 
filaments from lamellapodia converge and elongate with the help of barbed-end binding 
proteins. In contrast, less is known about how stable epidermal structures form, such as 
epithelial microvilli, which arise from the terminal actin web near the apical surface of the 
cell (reviewed in Chhabra and Higgs, 2007). As Drosophila denticles, like Drosophila 
bristles and vertebrate stereocilia, are thought to derive from microvilli, lessons learned 
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from studying denticle formation will likely apply generally to the field of ABP formation 
(DeRosier and Tilney, 2000).  
 Denticle formation initiates with an increase in apical F-actin that begins to 
condense into foci (Fig 5-1; Price et al., 2006; Walters et al., 2006). Live imaging of 
denticle formation reveals that condensation is an active process where smaller foci 
combine into progressively larger foci (Price et al., 2006). These foci then elongate, 
eventually resulting in actin-based protrusions extending apically from the plasma 
membrane (Fig 5-1A; Price et al. 2006; Walters et al., 2006). Up to this point, the work 
on denticle formation has been mainly descriptive in nature, and many questions remain. 
For example, it is thought that denticles, like other stable ABPs, arise from the cell’s 
terminal actin web, but how that transition actually occurs is quite unclear. In addition, 
once actin has condensed, it is unknown how elongation is initiated, although we do 
know some proteins that are involved. 
 For example, Drosophila bristles, like denticles, require the actin bundling 
proteins Forked and Singed (Chapter Four). However, while loss of these proteins 
results in improper protrusion formation and loss of visible actin bundles, misshapen 
bristles still form and elongate (Tilney and Guild, 1995). This suggests that an additional 
protein(s) must initiate bristle elongation (Fig 5-1A). For bristles, it has been proposed 
that microtubules could fill this role, as they are present at the bristle core as they initially 
form (Tilney and Guild, 1995). As MTs are also enriched at the base of denticles during 
elongation, one can imagine a similar mechanism at work in the denticle field (Price et 
al., 2006; Tilney, 1998; Tilney and Guild, 1995). From this, it appears that the details of 
actin condensation and ABP formation in the ventral epidermis may be generally 
applicable to the formation of actin-based protrusions in other cell types.  
 In addition, our finding that denticle density varies across the denticle field 
suggests that the levels or activity of protrusion-forming proteins must be regulated in a 
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column-specific manner (Chapter Two). As denticle density is affected by stripe, we 
hypothesize that at least some stripe effectors are involved in this process directly, and 
may be uncovered by further study of stripe target genes. As stripe expression in the 
tendon cell results in muscle attachment, it is also possible that muscle attachment itself 
modulates the actin bundling proteins, possibly as a consequence of muscle-induced 
Vein-Egfr signaling. Additionally, the pulling force from muscle contraction could recruit 
cytoskeletal proteins, similarly to the recruitment of cytoskeletal proteins to integrin-
mediated focal adhesions upon the application of tension (Riveline et al., 2001; Pelham 
and Wang, 1997; Katz et al., 2000). Although these two hypotheses are not mutually 
exclusive, they should be relatively easy to test by examining denticle density in muscle 
attachment mutants, such as mys1. 
 Our data shows that expression of stripe within a cell acts to reduce the number 
of denticles produced by that cell (Fig 5-1A). Interestingly, a similar (but exaggerated) 
situation is observed in Drosophila neurosensory bristle patterning, where stripe 
(specifying tendon cell fate) and achaete-scute (specifying bristle cell fate) are 
expressed in mutually exclusive domains, suggesting similar mechanisms could be 
involved (Fig 5-1B; Usui, 2004). 
 Of course, actin is not the only component required for ABP formation. Studies in 
stereocilia, filopodia and microvilli have shown unambiguously that unconventional 
myosins are also involved, although models vary as to the roles they play (Kerber et al., 
2009; Berg and Cheney, 2002; Bohil et al., 2006; Chen et al., 2001; Heintzelman et al., 
1994; Belyantseva et al., 2005; Schneider et al., 2006; Rzaszinska et al., 2009; reviewed 
in Nambiar et al., 2009). As these protrusions all contain densely packed actin bundles, 
it is hypothesized that myosins are important for transportation of cargo from the cellular 
cytoplasm to protrusion tips. However, directed transport has never been visualized 
directly in either microvilli or stereocilia, and potential cargos are largely unknown. As 
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this work demonstrates that crinkled, the Myosin VIIa homologue, is required for proper 
denticle formation (Chapter Four), this epidermis could provide an additional model to 
study the roles of unconventional myosins in ABP formation. 
 
SHAPING PROTRUSIONS 
 Although this work clearly demonstrates that the stripe-shot circuit is required for 
proper denticle hooking, we still do not understand how denticle hooking or other 
aspects of shape are actually accomplished, or what cytoskeletal components 
accomplish them. It is important to remember that the Drosophila embryonic cuticle, not 
the underlying actin, provided the detailed pattern used for genetic screens and cell fate 
markers. Until recently, the vast majority of work on denticle formation has focused on 
actin dynamics, and alternative models for what might constitute “shape” are relatively 
novel and untested. However, while proper actin bundling and outgrowth are certainly 
required for denticle shape, we have never been able to see the characteristic “hook” 
prefigured in the actin (Chapter Four), leading us to believe that F-actin itself is not 
sufficient for denticle shape.  
 It now seems likely that denticle shape is a product of extracellular, rather than 
intracellular, processes. Specifically, there is evidence to suggest that regulated 
membrane-matrix attachment and/or cuticle deposition may play roles in shaping 
denticles, and it is the column-specific regulation these components that gives rise to 
denticle diversity.  
 
CUTICLE DEPOSITION 
 Work from the Moussian and Locke labs has revealed a handful of proteins 
involved in cuticle formation and secretion, but have yet to unveil genetic evidence for 
cuticle components being involved specifically in denticle shape, rather than cuticle 
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formation generally (Moussian and Schwarz, 2006; Moussian et al., 2005a; Moussian et 
al., 2005b; Moussian et al., 07; Moussian et al., 2006; Locke, 1991; Locke, 2001). 
Recent immunofluorescent and EM work supports the hypothesis that denticle shape 
could, in principle, be attributable to cuticle components (Fig 5-2; Moussian et al., 2006; 
Moussian et al., 2005). Both analyses have indicated that the cuticle overlying denticles 
is thicker, and deposited earlier, than smooth cuticle (Moussian et al., 2006; Moussian et 
al., 2005). Also supporting this hypothesis is the recent discovery that dsc73, a secreted 
cuticle protein with unknown function, is transcriptionally regulated by svb (Andrew and 
Baker, 2008). While large-scale embryonic pattern appears undisturbed in dsc73 mutant 
embryos, it is unlikely that detailed pattern elements, such as denticle hook orientation, 
were examined (Andrew and Baker, 2008). 
 
MEMBRANE-MATRIX ATTACHMENT 
 In addition to the observation that the cuticle overlying denticles is thicker than 
smooth cuticle (Moussian et al., 2006; Moussian et al., 2005), EM analysis indicates that 
smooth and denticle field appear differently coupled to their surrounding extracellular 
matrix (ECM). Denticle field cells appear more tightly compressed against the ECM than 
cells in the smooth field, consistent with shavenbaby regulating proteins involved in 
membrane-matrix attachment  (Chanut-Delande et al., 2006).  
 Interestingly, it has recently been appreciated that a number of Zona Pellucida 
(ZP) domain proteins are transcriptionally regulated by svb and function in denticle 
shape (Chanut-Delalande et al., 2006; Fernandes, 2010). ZP domain proteins are 
involved in membrane-matrix attachment, and have function in many epithelia (Roch et 
al., 2003; Bokel et al., 2005; Jazwinska et al., 2003; Wilkin et al., 2000). Although the 
functions of specific ZP family members are unclear, certain ZP-domain proteins localize 
to discrete spatial domains within denticles and result in non-overlapping phenotypes 
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upon loss (Fernandes, 2010). In addition, there is some evidence that certain ZP-domain 
proteins may be expressed at higher levels in different denticle columns (Fernandes, 
2010). If this data is reproducible, this could lead to a model whereby individual ZP-
domain proteins give rise to a specific parameter of shape, and denticle shapes could 
vary column-to-column as a result of varied levels of individual ZP-domain proteins (Fig 
5-3). Alternatively, it is possible that Shot (or another stripe target) could act to alter the 
localization of these proteins in columns one and four, giving rise to a reversal in hook 
orientation.  
  
QUANTIFICATION OF SHAPE AND MATHMATICAL MODELING 
 Major leaps in understanding have in the past years come from the ability to 
create computer-based models of morphogenic processes. Recent advances in 
understanding dorso-ventral patterning in Xenopus, the vertebrate segmentation clock, 
and the Bicoid morphogen gradient in Drosophila have all come by experimentally 
validating a mathematical model (Gregor et al., 2007a; Gregor et al., 2007b; Ben-Zvi et 
al., 2008; Lewis, 2003; Giudicelli et al., 2007; reviewed in Lewis, 2008). 
 Although there has been success modeling Drosophila embryonic epidermal 
cells as a 2-D liquid (Lecuit and Pilot, 2003; Lecuit, 2007; Paluch, 2009; Quintin, 2008; 
and others), no model has been constructed to account for 3-D processes such as 
denticle formation. However, in order for a computer-based system to accurately model 
a biological process, consistent and accurate quantitation is vital. This has been a 
difficult task as scoring “shape” is inherently subjective. In addition, denticle shape, size, 
and other parameters show a large degree of biological variability across members of a 
single genotype.  
 Therefore, achieving consistent methods to measure and quantify various 
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parameters of denticle shape could be extremely useful and very revealing. First of all, it 
would allow the field to describe denticle phenotypes more objectively, and potentially 
group mutant phenotypes into classes, which could reveal something about the specific 
biological process affected in these mutants. In addition, one could imagine an objective 
scoring system to be capable of identifying novel and subtle denticle defects in a wide 
variety of mutants. Finally, a mathematical model would provide a format where our 
current understanding can be synthesized, which would, in turn, allow us a better 
understanding of what knowledge gaps remain.  
 For these reasons, I have made many attempts to begin to quantify denticle 
properties, with mixed success. In 2006, Chanut-Delalande et al. published 
quantification very similar to what I had previously attempted. They measured several 
geometrical parameters in wild-type embryos and various mutants, and preformed 
ANOVA analysis to show statistical significance between genotypes (Fig 5-4; Chanut-
Delalande et al, 2006.). While a very successful beginning, there are a number of 
concerns with this method, human error and inconsistency being among the top. In 
addition, when I attempted to repeat this procedure, I found significant differences not 
only between genotypes but also between different cohorts of the same genotype, which 
lessened my enthusiasm for this particular method.   
 
CYTOSKETAL COORDINATION 
 For many cellular processes, the contribution of a single cytoskeletal network is 
insufficient to fully describe the process. Cell division, polarized growth, vesicle 
trafficking and growth cone guidance all require communication and coordination of both 
the actin and microtubule (MT) cytoskeletons (reviewed in Rodriguez et al., 2003; Goode 
et al., 2000; Langford, 1995). It has long been appreciated that these two networks 
depend on each other indirectly, as demonstrated by the observation that chemically 
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disrupting one filament system often has profound effects on another. However, more 
recently it has become appreciated that these two networks can, and must, interact 
directly for a number of vital cellular functions (Rodriguez et al., 2003; Goode et al., 
2000). 
 However, our understanding as to how these networks directly communicate is 
sorely lacking, especially in living epithelia. One way to illustrate this is by the 
surprisingly low number of proteins proposed to interact with multiple cytoskeletal 
networks (Fig 5-5; Rodriguez et al., 2003). When one considers only proteins with the 
capability to bind both actin and MTs simultaneously, only a handful of proteins remain, 
three of which are members of the spectraplakin family (Fig 5-5). Thus, the study of this 
protein family (represented by Shot in this work; Chapter Three), and of cytoskeletal 
coordination generally, could potentially illuminate a very large range of cellular 
processes. 
Although we have implicated Shot in denticle hooking, the specific molecular 
requirement for Shot remains to be determined. As denticle hooks manifest themselves 
at the level of the cuticle and not in bending the actin filaments themselves (Fig 4-8; 
Dickinsen and Thatcher, 1997; Price et al., 2006), we speculate that this complex could 
control polarized secretion, extracellular matrix deposition or membrane-matrix 
attachment.  Alternatively, spectraplakins are thought to be capable of creating 
specialized membrane subdomains via membrane protein clustering (Fig 1-16; Roper et 
al., 2002). In tracheal fusion, the Shot isoform lacking the plakin repeats is involved in 
cytoskeletal remodeling via microtubule-membrane attachment (FIg 1-18; Lee and 
Kolodziej, 2002). Given the requirement we found for microtubules, perhaps this function 
is shared in denticle hooking. 
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 A major difficulty in determining specific molecular roles for Shot is the fact that 
Shot very likely has multiple functions within a single cell. How are we, for example, to 
unambiguously distinguish the role of Shot in the denticle from the role of Shot along the 
column 1/2 boundary? For this level of specificity, one must use tools capable of 
disrupting specific pools of a protein within a cell while leaving the others intact.  
  One technique that could approach this is chromophore-assisted laser 
inactivation, or CALI. In CALI, one expresses a fluorophore conjugated protein, then 
subjects that protein to irradiation absorbed by that fluorophore’s wavelength (Jay, 
1988). This allows one to inactivate a specific protein in a temporally and spatially 
restricted manner via production of reactive oxygen species (ROS; Jacobson, 2008). As 
Drosophila lines expressing UAS:Shot-GFP already exist, one could imagine expressing 
Shot-GFP epidermally in a Shot deficient embryo, then using the CALI technique to 
inctivate specific pools of Shot-GFP. For example, one could remove Shot function from 
the denticle, but not elsewhere in the cell. Although this technique has been mainly used 
in cultured cells, it was recently demonstrated that this technique could inhibit Myosin II 
function from selective boundaries in the Drosophila embryo, suggesting that this could 
certainly be feasible for our purposes (Monier, 2010).  
 An alternate or complementary technique could be to express isoform-specific 
RNAi in the embryonic epidermis. Although this would not inform the question of spatial 
domains, it may still provide insight into the distinct functions of Shot isoforms in a single 
cell or tissue. This technique may be fettered with difficulty, however, as small amounts 
of Shot protein appear to be sufficient for function (Fig 3-1). In addition, there is no 
general consensus that the field has discovered all Shot isoforms present in the 
epidermis, which could severely confound data interpretation. 
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SIGNAL INTEGRATION AND CROSSTALK 
STRIPE AND SHAVENBABY  
It has been well established that svb effectors are both necessary and sufficient 
within a cell for denticle formation (Chanut-Delalande et al., 2006; Payre et al., 1999) 
Svb regulates genes involved in actin dynamics, extracellular matrix modification, and 
membrane morphogenesis, leading to the designation of svb as a so-called “master 
regulator” of denticle formation (Chanut-Delalande et al., 2006; Ren et al., 2006). 
However, while svb is sufficient for denticle production, it is uniformly expressed 
throughout the denticle field and is not sufficient for column specific denticle diversity 
(Payre et al., 1999). This work shows that stripe is required, in addition to svb, to create 
column specific denticle diversity (Fig 5-6).  
What we must now consider is how shavenbaby targets and stripe targets interact at 
the cellular level.  While both transcription factors are presumed to have many targets, 
there is no a priori reason to assume that they share overlapping transcriptional 
cassettes. Rather, we propose that stripe targets could modulate the action of svb-
dependent effectors, resulting in column-specific output (Fig 5-6; Fig 5-7).  
 We show that stripe is required non-autonomously for denticle hook orientation 
and intrinsically for denticle density. As expressing the repressor form of svb in column 
two cells is not sufficient to alter denticles in neighboring column one cells, svb effectors 
must be acting intrinsically. Thus, stripe targets must act on svb targets in the same cell 
to specify density and svb targets in the neighboring cell to specify hook orientation (Fig 
5-7). An obvious question raised by this work is what stripe targets are required for these 
processes. At this time, there has been no large-scale microarray type data published for 
stripe, and many of the known stripe targets only exist as weak or poorly characterized 
mutants. In addition, it is unlikely that hooking orientation was inspected in mutant 
embryos displaying EMA phenotypes. Although we show that denticle hook orientation 
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does not require muscle attachment, it would be interesting to know what proportion of 
stripe targets function in multiple stripe-dependent processes and which targets are 
specific to a single process (Fig 5-7).     
Of course, in order to understand how stripe could modify svb effectors, we must first 
have a detailed understanding of how denticles are built at the ultrastructural level, which 
we currently lack (see Shaping Protrusions). However, we can still speculate as to 
possible mechanisms that the cell could use to create denticle diversity. For example, 
one could imagine that increased activity of actin-bundling proteins could condense actin 
foci more effectively and lead to decreased denticle density. We know that svb 
transcriptionally regulates the crosslinker singed. However, Fascin (mammalian Singed) 
exists in a phosphorylated, inactive state until acted upon by a phosphatase, something 
that stripe could, in principal, upregulate (reviewed in Kureishy et al., 2002).  
 
STRIPE AND PLANAR CELL POLARITY 
 For stripe to affect non-autonomous hook orientation, it is not enough to alter the 
level or activity of a cytoskeletal protein. Rather stripe must somehow alter where the 
protein functions within the cell. For example, consider the denticles produced from 
columns three and four. In general, denticles produced from these neighboring cells are 
similar in size, density and shape, but denticles produced from column three hook 
towards the posterior where denticles in column four hook towards the anterior. So, one 
can imagine that virtually the same mechanism was used in both cells to produce these 
very similar structures, but that the building machinery was simply set up in mirror-image 
fashion (Fig 5-8). 
 This leads us to wonder whether stripe targets, in addition to interacting with svb 
targets, interface with the planar cell polarity (PCP) machinery. This is a difficult question 
to address for a number of reasons, the most obvious being that the core PCP proteins 
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do not appear to play a major role in the embryonic epidermis (Price et al., 2006; Walters 
et al., 2006). In addition, although stripe is required for denticle hook orientation, it is not 
required to place protrusions on the posterior edge of the cell, another PCP readout 
(Chapter Two). Therefore, denticle hook orientation may not be a viable PCP readout, 
and it is unclear how to incorporate hook orientation into the larger concept of epidermal 
PCP.  
 The observation that Shot is required downstream of stripe for non-autonomous 
denticle hook orientation suggests that this mirror image symmetry may be mechanical, 
rather than biochemical, in nature. For example, one can imagine that rather than 
interfacing with the PCP machinery, Shot simply sets up a specialized cytoskeletal 
complex that is required to physically “pull” or “push” the denticle components in a 
specific direction, without altering svb effectors. For example, if MT tracks are required 
for polarized delivery of secretory vesicles, Shot could simply reverse these towards the 
opposite direction (Fig 5-8). 
 
PATTERN ORGANIZERS 
 The cellular interfaces between columns one and two (1/2) and columns four and 
five (4/5) appear to be special with regard to the patterning of this epidermis, and are 
located at a position where numerous pattern elements arise (Fig 5-9).  Across these 
interfaces, denticle hooks reverse, tendon cells are specified and denticle densities shift 
(see Chapter Two). In addition, these interfaces are enriched for a number of 
cytoskeletal components such as F-actin and Myosin II, as well as Shot (Dilks and 
DiNardo, 2010; Simone and DiNardo, 2010). Recent work by R. Simone indicates that 
these same interfaces are also the first to begin aligning, suggesting that they could 
serve as templates for the other interfaces within the denticle field, which align later (Fig 
5-10; Simone and DiNardo, 2010). Therefore, we propose that the signaling boundaries 
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that exist at these interfaces act within the parasegment as pattern organizers (Fig 5-9). 
While stripe is involved in some of these processes, it is not required for either the 
initiation of cell shape change or for the enrichment of F-Actin and Myosin II at the 1/2 or 
4/5 interface (R. Simone, S. A. Dilks, S. DiNardo, unpublished observations). However, it 
is reasonable to hypothesize that the same signals that place stripe in columns two and 
five (Hh and Spi, respectively) also single out the 1/2 and 4/5 interfaces by specifying 
these additional behaviors directly (Fig 5-9).  
 Although this model is purely speculative, it is supported by recent work 
implicating Hedgehog in promoting developmental cell shape change in another 
epithelium, the Drosophila eye disk (Schlichting and Dahmann, 2008). In that tissue, Hh 
is hypothesized to activate cell shortening via upregulation of the non-classical cadherin 
Cad86C, along with other unknown targets (Schlichting and Dahmann, 2008). 
Interestingly, the non-classical cadherins Fat and Daschous are present in the ventral 
epidermis, and the expression pattern of Ds suggests that it could be downstream of Hh 
in this tissue (R. Simone, S. DiNardo, personal communication).  
 In addition, the enrichment of F-Actin and Myosin II at interfaces between 
columns 1/2 and columns 4/5 are still present in stripe mutants, and must be set up by 
an alternate mechanism (R. Simone, S. A. Dilks, S. DiNardo, unpublished observations). 
If epidermal patterning signals specialize these interfaces independently of stripe, one 
could imagine these cytoskeletal enrichments initiating anterior hook orientation, and the 
stripe-shot circuit serving to amplify this response. This model could explain the 
potentially complicating observation that approximately 30% of column one and four 
denticles retain anterior hook orientation in stripe mutants (Chapter Two). For example, 
one can imagine that the initial enrichment of F-Actin and Myosin II (along with additional 
proteins, potentially) could recruit the small amount of epidermal Shot protein to these 
interfaces. This could be sufficient to instruct anterior denticle hook orientation in some 
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column one and four cells, but initiation of the stripe-shot circuit could ensure a more 
robust response.  
 
 In this work I have taken advantage of previous knowledge of genetic and 
developmental mechanisms of Drosophila embryogenesis, and built on that knowledge 
by linking patterning signals to a cell biological response. By understanding how column-
specific denticle diversity is accomplished, we can better understand a number of 
important biological phenomena, such as actin-based protrusion formation and shaping, 
membrane-matrix attachment and matrix remodeling, integration of signaling networks, 
cytoskeletal coordination and spectraplakin function, and organization of pattern.  
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FIGURE 5-1: 
 
 
FIGURE 5-1: Actin condensation is repressed by stripe. 
(A) Cartoon of actin-based protrusion condensation and denticle formation. stripe 
expressing columns produce fewer ABPs per cell on average. Some proteins are known 
to be involved in this process, but many remain to be discovered. (B) Cartoon of 
neurosensory domains in the adult thorax. Muscle attachments (indicated by stripe, 
green) and bristle formation (indicated by achete-scute, peach) are mutually repressive. 
Adapted from (Usui et al., 2004). 
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FIGURE 5-2: 
 
 
 
 
 
 
FIGURE 5-2: Denticle shape is visible at the level of the cuticle. 
One possible model of how denticle shape is accomplished is by regulated cuticle 
secretion – in this example, more cuticle would be secreted from the anterior (left) side 
of the ABP than the posterior (right) side, resulting in an anterior hook. 
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FIGURE 5-3:  
 
 
 
FIGURE 5-3: Model denticle shaping via ZP-domain protein localization. 
In wild-type epidermal cells, ECM modifications mediated by each ZP-domain protein 
shape the denticle. Dusky-like (Dyl, red) localizes to denticle tips, in contrast to Miniature 
(M, orange), which localizes along the length of the denticle. Trynity (tyn, blue) and Zye 
(blue) are enriched near denticle bases. Mutants for a given ZP-domain protein exhibit a 
distinct phenotype, which corresponds to ECM alteration in their specific domain (shown 
here in cartoon; Fernandes et al., 2009). 
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FIGURE 5-4:  
 
  FIGURE 5-4: Quantification of denticle parameters. 
(A) Parameters by which denticle shapes were measured. (B) An example of how this 
data was used to quantify denticle defects in mutant embryos. From (Chanut-Delalande 
et al.). 
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FIGURE 5-5: 
 
 
Protein(s) Functions/Roles 
APC* Mediates interaction between MT tip and actin cortex 
Cho1 Bundles MTs 
Coronin* Promotes actin assembly and crosslinking 
IQGAP/CLIP-170* Binds Rac and CDC42; role in cell-cell compaction and 
polarity 
Bim1/Kar9/Myo2 Pulls MTs along actin cables  
MAP2c Promotes MT growth and actin bundling 
Mip-90 Unknown 
Myo5a-Kinesin May coordinate organelle transport between actin and MTs 
Plectin Maintenance of tissue integrity; may regulate actin 
organization 
Shortstop/MACF* Axon outgrowth, tissue integrity, stabilizes MTs, mediates 
MT-actin interaction at cell periphery 
BPAG-1* Maintenance of tissue architecture; organizes IFs and MTs 
 
 
FIGURE 5-5: Candidates for mediating interactions between actin and microtubles. 
Star (*) indicates potential ability to bind and crosslink actin and MTs simultaneously. 
This list may not be exhaustive. Adapted from (Rodriguez et al, 2003). 
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FIGURE 5-6: 
 
 
 
 
 
FIGURE 5-6: stripe could modify svb targets. 
(A) svb expression denotes the limits of the denticle field, and is required for denticle 
fate. (B) stripe is expressed in columns 2 and 5, and modifies the shape of the column 1 
and 4 denticles.  
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FIGURE 5-7: 
 
 
FIGURE 5-7: stripe has multiple functions. 
stripe acts cell-intrinsically to specify EMA and denticle density, and non-autonomously 
to specify anterior hooking. It is unknown how stripe’s transcriptional cassette 
coordinates these in multiple processes, whether similar effectors carry out intrinsic and 
non-autonomous functions, or how separable these three functions are from one 
another. 
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FIGURE 5-8:  
 
 
 
FIGURE 5-8: Denticle hooking as polarity reversal.  
Denticles with reversed hook orientation likely result from a mirror-image reversal of the 
denticle-building machinery. This could occur either by stripe targets interfacing with 
PCP effectors, or through a mechanical signal from Shot, among other mechanisms. 
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FIGURE 5-9:  
 
 
 
FIGURE 5-9: Pattern organizers. 
The 1/2 and 4/5 interfaces could act within the parasegment as pattern organizers. 
Virutally all observable pattern elements within the denticle field (denticle hook 
orientation, tendon cell specification, cell alignment, cytoskeletal enrichment, and 
alterations in denticle density) occur at or immediately adjacent to these interfaces. 
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FIGURE 5-10: 
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FIGURE 5-10: The 1/2 and 4/5 interfaces align before their neighbors. 
(A) Immunofluorescence images; anterior towards the left, approximately two 
parasegments are visible in B-D; the boxed portion, roughly one parasegment, is 
magnified in B’-D’. Green lines and arrowheads mark the ventral midline. Some 
boundaries align before others (compare C’ arrows to arrowheads, respectively). 
(B) Stage 13 denticle field with columns marked by number and column boundaries 
marked by color. At Stage 12 and 13 the 1/2 and 4/5 boundaries are significantly more 
aligned than the 2/3, 3/4 and smooth boundaries. At Stage 14 and 15, all columns of the 
denticle field are significantly more aligned than the smooth field boundary. (Simone and 
DiNardo, 2010) 
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